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Extreme ultraviolet lithography (EUVL) is a promising candidate for the
next generation of lithography technique to continue Moore's law. Moore's
law has been upheld by shrinking the feature size on devices and driving
the development of faster and denser integrated chips. The short wavelength
(13.5±0.2 nm) of EUV light enables EUVL to improve the resolution (the
minimum feature size) far beyond the conventional limit in current high
volume manufacturing. EUV light can be generated by making hot (Te ∼ 30
eV) plasma, and collected by optical mirrors in vacuum. During the light
generation process, energetic ions or neutral debris are emitted from the
plasma in addition to the desired light. The contamination by such debris
will critically aﬀect the lifetime of the mirrors as well as the total light output.
The contamination by debris is more serious when making an EUV-emitting
plasma with tin (Sn). Sn has a high conversion eﬃciency leading to higher
EUV power, but easily condenses on the surface of all the components in an
EUV source system.
In this work, a method was investigated of cleaning Sn contamination by
reactive ion etching (RIE) using chlorine plasma. The primary investigation
revealed details of etch rate selectivity between Sn and Ru, the mirror sur-
face material. The optimal condition, to remove Sn several hundred times
faster than Ru with minimum inﬂuence on Ru, was identiﬁed and other im-
portant ﬁndings having eﬀects on etching were revealed. By cleaning the
Sn-contaminated Ru surface using a plasma etching method, it was shown
that Sn can be removed from Ru surface without damaging the Ru surface.
A simple surface reaction model of Sn reactive ion etching using chlorine
plasma was proposed and validated through the measured etch rate. The
model successfully shows that etch rate depends on plasma density and the
bias potential in reactive ion etching.
Based on the promising preliminary etch rate study, Sn samples were
cleaned in a mock-up collector optics in an XTS 13-35 EUV source system to
ii
investigate the proposed cleaning technique method. The mock-up is made
of two shells with diﬀerent gap widths (4 cm, 7.5 cm and 10 cm) and with
a length of 30 cm. Using a chlorine plasma with its density and tempera-
ture around ∼ 9 × 109 /cm3 and ∼ 3 eV respectively, it was found that the
cleaning rates in the mock-up vary as a function of distance from the chlorine
plasma in the range of 20 - 100 nm/min mainly due to the plasma density
uniformity. Starting from the electronegative plasma diﬀusion, the plasma
transport between the collector shells with diﬀerent gap widths was theo-
retically investigated. As a result, a simple analytical model of the plasma
transport in the gap was developed. Through the combination of the plasma
transport model and the surface reaction model including the eﬀects of chlo-
rine radicals uniformity and pumping ﬂow on the Sn removal, the Sn removal
rates is shown to be predictable at the diﬀerent locations in the collector in
accordance with the experimental measurements.
In addition, the eﬀectiveness of the cleaning method was investigated by
measuring the EUV reﬂectivity of a Ru sample during the cycles of contam-
ination and cleaning processes. It was found that the reﬂectivity gradually
degraded along the cleaning cycles due to the carbon contamination in the
EUV source system investigated. An analytical model was developed to de-
scribe the eﬀect on the carbon contamination of the EUV ﬂux, the energetic
ion ﬂux and the cleanliness in the source system. Despite the limited success
of recovering the EUV reﬂectivity of the mirror after cleaning in the system
investigated, all the knowledge of plasma transport and plasma-material in-
teractions obtained in the study will help use the plasma-based method to
clean Sn contamination fast and in situ. The analytical models validated
throughout the experiments will also provide a support to design an EUV
collector with the integrated cleaning system.
iii
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Chapter 1
Introduction
Ever since the ﬁrst working integrated circuit (IC) chip was demonstrated in
the late 1950s, engineers have competed to develop ever denser chips with
larger memory capacities and faster performance to satisfy the demands of
users. Driven by the combination of the growing consumer's demand and
engineering advancement, the number of transistors on an integrated chip
has doubled every two years. This observation of technology development is
known as Moore's law [1]. It is more like an indication for the entire semicon-
ductor industry to drive the next technology development rather than purely
observation. Surprisingly, as shown in Fig. 1.1, the technology development
from 1971 to 2008 has followed Moore's law well in spite of some delay. Due
to the numerous technical development eﬀorts to keep Moore's law in the
past decades, the chip making technology has provided amazing high-tech
devices such as multi-functional mobile phones and high-performance per-
sonal computers. Nevertheless, faster devices with even more capacity are
sought to more eﬃciently utilize the rapidly growing pool of available infor-
mation today; besides, Moore's law has not ended yet although it is reaching
its limit. In the current CMOS transistor design, electron tunneling eﬀect
will occur when the gate length gets smaller than 5 nm and then the tran-
sistors will not function any longer as switches [2]. As of 2008, given the
minimum feature size of 45 nm (e.g. in Intel's Penryn processor [3]), we still
have another 10 years until Moore's law reaches the fundamental limit. To
create denser chips and to continue Moore's law, however, requires a new
method of lithography that can shrink pattern size to the tens of nanometer
scale.
Extreme Ultraviolet Lithography (EUVL) has been investigated as a
means of printing ﬁner features on the given wafer area so as to fabricate
denser chips. EUV light is an electromagnetic wave whose wavelength in
the order of tens of nm is between vacuum ultraviolet (VUV) light and soft
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Figure 1.1: Despite some slowdown of the rate in technology development,
the number of transistors on an integrated chip has doubled every two years:
Moore's law (Courtesy of Intel).
x-rays. EUV light is expected to contribute to a radical improvement in pat-
terning resolution when used for a light source in optical lithography due to
its short wavelength. The 13.5 nm EUV light is under consideration mainly
due to the available light generation and delivery methods. In this wave-
length region, all matter absorbs the EUV light due to the presence of a
multitude of atomic resonances [4]. Since EUV light can be strongly ab-
sorbed even by air, EUVL systems must be under vacuum and have multiple
unique requirements compared to conventional optical lithography.
Although there are many new technical challenges to be resolved before
using EUVL at the production level, the contamination of collector mirrors is
one of the most critical issues. Collector mirrors are the optical system which
collects EUV photons emitted in the EUV light source system and focuses
them at the intermediate focus (IF). By reﬂections through a series of mirrors
afterwards, the collected light transfers the original pattern from an EUV
photo-mask, which is also a reﬂective mirror, onto a photo resist coated wafer.
Note that EUVL system uses mirrors instead of lens for the same reason as
being under vacuum. The light output at the intermediate focus needs to be
high enough to meet the certain minimum dose for photo resist and wafer
throughput (number of wafers printed per hour in a lithography tool) for high
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volume manufacturing (HVM). The requirement of 150 W EUV light output
at the intermediate focus was agreed upon by industries investigating EUVL
as their next generation lithography method [5, 6, 7]. Tin (Sn), preferred as
EUV light source to other candidate elements such as Xe and Li due to its
higher conversion eﬃciency (CE), is highly condensable and will cause serious
contamination over time. Contamination on the collector mirrors results in
reﬂectivity loss as it scatters and/or absorbs incoming light. Loss of the
total light collection directly leads to insuﬃcient dose for photo resist in a
given time. Moreover, the clarity of image can be lowered due to scattered
light. The current level of EUV source system's output power is far below the
requirement mentioned above, therefore it would be much more important to
minimize the loss of light by contamination on the mirror surface. Besides its
negative eﬀect on the light output and the printing quality, contamination
problems also aﬀect the cost of ownership. Without an eﬃcient means to
remove contamination, time-consuming maintenance and costly replacement
of EUV collector mirrors is frequently needed. As such, EUVL cannot be
realized simply because of the high levels of cost of ownership.
In order to use Sn as an EUV light source for HVM, a cleaning method
needs to be developed to extend the lifespan of the mirrors in the lithography
tool as well as to ensure the printing quality. Such a successful cleaning
method is developed using plasma in this study. It is attractive to use a
plasma since EUVL systems are inherently under vacuum. Moreover, EUVL
starts with plasma as will be described. Thus, it is more viable to clean
something from plasma with plasma. In order to investigate the plasma-
based cleaning technique, two systems were engaged in this study : the
GALAXY ICP-RIE system for the etching study and the XTS 13-35 EUV
source system for cleaning study.
This thesis consists of the following chapters. In Chap. 2, the fundamen-
tal technologies of a conventional optical lithography and an EUV lithogra-
phy are reviewed to establish the background to help understand this study
better. The objectives of the study are listed in more detail along with spe-
ciﬁc problems. In Chap. 3, the experimental apparatus used are described
including the two main chamber systems and a variety of surface analysis
techniques. In Chap. 4, the etch rate measurements are experimentally and
theoretically discussed. In Chap. 5, the ﬁrst cleaning results of Sn con-
taminated Ru mirror samples from our ICP-RIE system are presented. In
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Figure 1.2: The organization chart to show the studies done in the two
systems (the GALAXY and the XTS 13-35).
conjunction with Chap. 4, this chapter will show the feasibility of the clean-
ing method based on plasma etching. Cleaning results in a real DPP EUV
source system will be discussed with the removal thickness and the surface
morphology images after cleaning in Chap. 6. The reﬂectivity recovery, that
is, the ultimate goal of the cleaning process will be covered in Chap. 7 and
the evidence of carbon contamination in our system and its analytical pre-
diction model are discussed in Chap. 8. In Chap. 9, the theory of the plasma
transport in collector shells and the development of analytical models to pre-
dict Sn cleaning with chlorine plasma will be discussed. The measured data
in the previous chapters will be discussed using the insight developed in this
chapter. Finally, Chap. 10 summarizes the key learning and ﬁndings, and
states the signiﬁcance of this study. Fig. 1.2 shows the plot of the thesis
showing the main tasks in the subsequent chapters.
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Chapter 2
Background
In this chapter, the basic concepts of optical lithography and EUV lithogra-
phy are reviewed to establish the background necesssary to understand this
study. Optical image formation in lithography systems is brieﬂy described,
and the key features/issues in EUV lithography are discussed. The topics
and goals of this research are also described at the end of this chapter.
2.1 Review of optical lithography
Optical lithography is a technique to transfer the original chip design from a
photo-mask to the wafers using light. The most important beneﬁt of optical
lithography for patterning is that it can print the same patterns in a fast
pace. Thus, optical lithography has been the popular choice for high volume
manufacturing (HVM). Fig. 2.1 shows a typical optical lithography system
used in the semiconductor industry to transfer photo-mask patterns to wafer
[8]. A photo-mask is a transparent plate coated with an opaque material
(Cr) allowing light to transmit in a designed pattern. Once light travels
through a condenser lens from a source (UV lamp or laser), it transforms to
plane waves that will diﬀract at the photo-mask. The diﬀracted light is then
collected and transformed, by projection lenses, back to the original patterns
on the wafer surface with reduction of size by a factor of four or ﬁve. This
reduction factors was balanced between the process control and the practical
size of masks [9].
The optical lithography system is often called a stepper or a scanner
depending on the method by which patterns are projected onto the wafer.
The wafer surface is coated with a photo resist which reacts with a certain
wavelength of light and then alters its solubility in a developer solution af-
ter exposure. Depending on its solubility in the developer, photo resist is
often classiﬁed as positive or negative. Unexposed positive photo resists are
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Figure 2.1: The schematic of an optical system to transfer photo-mask pat-
terns to wafer in a typical optical lithography tool.
insoluble whereas unexposed negative photo resists are soluble in developer.
After developing and removing the soluble parts of photo resist, etching
and deposition processes are followed to fabricate semiconductor devices and
interconnections in a scale as deﬁned by the lithography process. For this
reason, it is the lithography step that determines the feature size on a chip
in a sequence of complex and repeated chip making processes. Therefore, it
is not surprising that making denser chips or smaller features has been only
possible due to the advancement of the optical lithography technique. Fig.
2.2 shows a strong correlation between minimum feature size and lithography
technique development [10]. The exposure light wavelength reduction trend
is shown to lead the miniaturization trend of large-scale integrated (LSI)
circuits. Given the exposure light wavelength, the resolution or minimum
feature size can be enhanced to some extent by the use of high numerical
aperture (NA) system and some resolution enhancement techniques (RETs)
such as optical proximity correction (OPC) [11] and oﬀ axis illumination
(OAI) [12]. Nonetheless, a shorter wavelength light source was introduced at
every breakthrough to change the printable feature size signiﬁcantly and to
essentially keep Moore's law. Historically, the illumination light source in the
lithography system had been changed from the mercury lamp 436 nm g-line
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Figure 2.2: Comparison of trends in the wavelength of exposure light and the
minimum feature size of LSI devices. It illustrates that a shorter wavelength
light source was introduced at every breakthrough to continue Moore's law.
and 365 nm i-line, to the 248 nm KrF and the 193nm ArF excimer laser as
shown in Fig. 2.2. The wavelength dependence of resolution is discussed in
more detail in the following section.
2.1.1 Resolution
As optical lithography is based on light diﬀraction, resolution or printable
minimal feature size is fundamentally limited by the physical phenomenon
of diﬀraction and is dependent on the wavelength of the light used. The
minimum resolvable angular separation in optical systems, 4θ, is depicted
as
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Figure 2.3: Drawings to show Rayleigh's criterion of the minimum resolvable
angular separation.
∆θ = 1.22
λ
D
(2.1)
, where λ is the wavelength of the light source and D is the aperture di-
ameter. This is called as Rayleigh's criterion [13]. Rayleigh considered two
diﬀerent point sources and set a criterion for the minimum resolvable angular
separation or angular limit of resolution as when the maximum of one Airy
pattern falls on the ﬁrst zero of another Airy pattern (Fig. 2.3).
Although some insight of resolution can be obtained from Rayleigh's crite-
rion, Eq.(2.1), more applicable resolution of optical lithography systems can
be found in Ernst Abbe's work in 1873 [14]. Following his work about the
smallest resolvable feature size in an optical microscope system, the resolution
(R) or the printable minimal feature size in optical lithography, considering
the dependence on resist process, can be cited as the following equation:
R = k1
λ
NA
(2.2)
, where λ is the wavelength of the light source; NA (typically 0.2-0.8) is the
numerical aperture. NA is the ability to collect the diﬀracted lights from
the mask, deﬁned by NA = n · sin θ, n being the refractive index of the
media between the projection lens and the wafer, and θ being half-angle of
the converging rays onto the wafer as in Fig. 2.1; k1 (typically on the order
of 0.75) is a complex process factor primarily depending on the reactivity of
the photo resist to small intensity changes in the lithography.
Learning from Eq. (2.2), we can achieve a better resolution by (1) in-
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creasing NA, (2) decreasing k1 factor and/or (3) using a shorter wavelength
light. For example, the modern immersion lithography technology utilizes
high n material (e.g. water whose refractive index at 193nm wavelength is
1.44) between the projection lens and the wafer or uses a bigger lens (larger
θ) to print features as small as 45 nm by increasing NA. A new photo resist
material is being developed to have better k1 factor. The k1 factor can also
be improved by advancing or correcting exposure process. The most radical
change in resolution, though, can be achieved by using shorter wavelength of
light.
2.1.2 Depth-of-focus
In optical lithography, the depth-of-focus (DOF) is another important con-
cept. The depth-of-focus is the range of distance change between the lens
and the wafer that is allowed while maintaining feature sizes (line widths
and hole diameters) within speciﬁcations. In lithography, depth-of-focus is
expressed as
DOF = k2
λ
(NA)2
(2.3)
, where k2 is also a constant depending on the illumination method and photo
resist material. From the combination of Eq. (2.2) and Eq. (2.3), we ﬁnd that
improving resolution will lower the depth-of-focus. In other words, better
resolution (smaller features) means more diﬃcult process control because
of smaller DOF. It sounds intuitively trivial. Of great importance is that
the DOF is aﬀected by NA more strongly than by wavelength of light, as
written in Eq. (2.3). For this reason, more eﬀorts are needed to improve the
resolution by using smaller wavelength light rather than using a large NA.
The 193 nm ArF excimer laser light is currently used to print 45 nm
feature size in the most current state-of-the-art lithography incorporated with
an immersion technique. The current immersion lithography technique could
be stretched one or two more generations when ﬂuids with higher index
than water (n >1.44) and lens materials with higher index than CaF2 or
fused silica (n>1.56) are ready. However, EUV lithography can achieve high
resolution without using hyper NA (>1) and will go further than the limit of
the immersion lithography. Striking improvement of resolution is expected
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when EUV light, whose wavelength is of the order of 10 nm, can be used as a
lithography light source. More details of EUV lithography and its technical
issues are discussed in the following sections.
2.2 Review of EUV lithography
Moore's law states that the number of transistors on an integrated chip dou-
bles every two years [1]. Moreover, bit density on ﬂash memory doubles even
faster because of its simpler structure; Hwang's law says that ﬂash bit den-
sities are now anticipated to double approximately every 12 months [15]. In
order to make denser chips, feature size needs to be decreased in any case.
Feature size is the smallest size that can be fabricated on a chip, and is
conventionally called half-pitch size of critical dimension (CD) in the chip
making industry. For smaller feature size than 45nm, some other techniques
such as double patterning (DP), double exposure (DE), and nanoimprint
lithography are being investigated. Their basic concepts are illustrated in
Fig. 2.4. Double patterning and double exposure techniques use two litho-
graphic exposures to deﬁne one device layer: double patterning (DP) uses
two separate lithography/etch steps whereas double exposure (DE) uses two
lithography and one etch step [16]. Nanoimprint uses a mold with nanos-
tructures (patterns) on it [17]. The mold is pressed on a photo resist and
removed, thereby leaving the patterns on the photo resist. In these ways,
the smaller feature size than the current lithography resolution can be suc-
cessfully patterned. But there are barriers to overcome for HVM such as low
throughput by increased process steps (in DE and DP) and contamination by
photo resist sticking to mold (in nanoimprint). Speaking of resolution only,
electron beam lithography can deﬁne the feature size much smaller than the
other techniques. However, its throughput is too low to be considered for
HVM technique despite its high resolution. Besides, electron interactions
with other electrons or system need to be addressed, when electrons are used
instead of photons.
There are also several resolution enhancement techniques (RETs) to fab-
ricate smaller feature size with the current illumination light source as brieﬂy
mentioned earlier. For example, oﬀ-axis illumination (OAI) can achieve
smaller resolution and extend the depth of focus (DOF) by utilizing evenly-
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Figure 2.4: Alternative patterning techniques to overcome the optical lithog-
raphy resolution: (a) double exposure (b) double patterning (c) nanoimprint.
spaced 0th order and 1st order light from tilted illumination [12]. Optical
proximity correction (OPC) compensates errors or faults in the ﬁne structures
by manipulating a photo-mask intentionally [11]. Resolution can also be im-
proved by using phase-shift masks (PSM) [18, 19, 20]. Phase-shift masks use
the interference between the intentionally phase-shifted light and the light
coming through masks without phase shift to pattern smaller feature sizes.
Other than the alternative ways of resolution enhancement techniques
discussed above, there is another way to overcome the current resolution
limit in a diﬀerent way - Extreme Ultraviolet Lithography (EUVL). EUVL
is one of most viable next generation lithography techniques to keep Moore's
law in HVM level since it uses shorter wavelength light and takes advantages
of the conventional optical lithography concepts.
The wavelength of EUV light is much shorter than conventional Deep
Ultra Violet (DUV) light from an excimer laser. The wavelength of EUV light
aimed for EUVL is currently chosen as 13.5 nm based on source availability
and mirror fabrication technology [21, 22]. The radical change of wavelength
from conventional DUV light to EUV light will bring some diﬀerences to
the conventional photo lithography system. First of all, EUVL system needs
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to be in vacuum because EUV photons can not penetrate even air. EUV
photons are strongly absorbed in any material through photoelectric eﬀect [4].
Secondly, for the same reason for being in vacuum, EUV photon's path in the
illumination system is made by reﬂective optics (mirrors). The conventional
lens can not be used to collect and focus EUV light. The rise of EUVL is
partially due to advances in accumulated techniques of fabricating mirrors
for EUV light. The EUV mask is no longer a transparent plate with an
opaque material. The EUV mask is a reﬂective multilayer mirror itself with
absorber such as TiN or TaN to project an image. This EUV mask can
not have a pellicle which is used to protect the mask in optical lithography.
Lastly, the EUV photons are generated by hot and dense plasma in vacuum,
whose electron temperature is around 30 eV and electron density is around
3× 1018cm−3 [23, 24, 25]. Hot plasma excites certain elements such as xenon
(Xe), lithium (Li), and tin (Sn) enough to emit ∼ 92 eV EUV photons. Light
from the plasma is then gathered by collector mirrors and transferred to the
illumination mirror system.
For successful application of EUVL for the next generation lithography,
much work is being done to optimize sources, fuels, and mirrors, each of
which are critical to achieve high power EUV light source system. In the in-
ternational technology road map for semiconductor (ITRS) 2007 report, more
detailed technical issues for EUVL are listed : developing mask blank fab-
rication processes with low defect density; developing reliable EUV sources
with high output power and suﬃcient lifetime for surrounding collector op-
tics; controlling contamination of all mirrors in the illumination and pro-
jection optics; fabrication of optics with ﬁgure and ﬁnish compatible with
high quality imaging at 13.5 nm wavelength; resist with suﬃciently low line
width roughness and low exposure dose, and protection of masks from defects
without pellicle [16].
In the following sections, more details of diﬀerent fuels, sources and mir-
rors for EUVL are discussed to establish background for the study in this
thesis.
2.2.1 Sources
For HVM, EUV light sources should ensure an EUV power of 150W at the
intermediate focus (IF) of the collecting optics in a 2 % bandwidth around
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13.5 nm (i.e. in-band), a small size of the EUV radiating plasma (about
1 mm), a high pulse repetition rate (7-10 kHz) and a good pulse-to-pulse
repeatability (about 1 % 3sv). In addition, a long lifetime and minimum
debris are among the obligatory requirements of such a source.
Discharge-produced plasma (DPP) and laser-produced plasma (LPP) are
the most popular technologies for high power EUV light at 13.5 nm. The DPP
system makes plasma by the most eﬃcient method of plasma generation-an
electrical gas discharge. In order to generate EUV light from plasma, how-
ever, plasma needs to be suﬃciently hot and dense. Among a variety of DPP
systems, a pulsed z-pinch DPP system with high eﬃciency is being intensively
investigated for HVM [7, 25, 26, 27]. Fig. 2.5 describes four phases of opera-
tion during a pulse [23]. In z-pinch DPP systems, EUV fuel containing gas or
vapor enters the pre-ionizer. The pre-ionizer makes a cold plasma with low
density by surface discharge (pre-ionization phase). A pulsed high-current
discharge then occurs from anode to cathode across the weakly ionized plasma
(discharge phase). The Lorentz force by this discharge current and induced
magnetic ﬁeld will immediately compress the weakly ionized plasma to a hot
plasma with high density (pinch phase). EUV light is emitted from the hot
and dense plasma. The magnetic self-compression in a plasma with axial
electrical current ﬂow (z-direction) is referred to the z-pinch eﬀect. After
the z-pinch eﬀect, or as the current pulse diminishes, the plasma pressure
becomes higher than the magnetic pressure due to the decreasing magnetic
ﬁeld (expansion phase). Thus, the plasma expansion occurs into the vacuum
system. At this step, ion debris gets into the collector mirrors.
Despite its high eﬃciency in making a plasma, there are some inherent
problems in DPP EUV source system because hot plasma is generated in the
vicinity of the electrode. In order to meet the HVM requirement, thermal
management of the electrode and the electrode erosion needs to be addressed.
LPP system uses a laser pulse to generate hot plasma by hitting a fuel
material. When a laser hits a fuel target, the leading edge of the laser
pulse generates free electrons through photon absorptions. The free electrons
are then accelerated by the laser ﬁeld and collide with ions to heat up the
plasma. The kinetic energy of the electrons is simply proportional to the laser
intensity. Therefore, a high intensity laser (> 2×1011 W/cm2) is required to
make plasma hot enough to emit EUV light. In LPP, compared to solid fuel
target, gaseous or liquid target is preferred due to much less debris generation.
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Figure 2.6: LPP concept and Cymer's LPP source chamber architecture.
Liquid-jet [28, 29], liquid-droplet [6, 30, 31], frozen gas target [24] and gas jet
target with cluster generation [32] have shown many advantages concerning
target logistic and debris production. The most promising technique with
the least debris generation is to use a mass-limited target, which is a stream
of some 10-µm diameter droplets containing fuel material just enough for
EUV emission [24, 33, 34, 35].
LPP source has the advantages of less thermal load and larger collection
eﬃciency compared to DPP source because hot plasma is generated at a
large distance from any hardware and lights are collected by a hemi-spherical
mirror. Nevertheless, the required power for HVM is also a challenge in LPP
EUV source system as in DPP EUV source system. As the power output
of the available lasers is far below the HVM requirement, the success of
LPP as HVM EUV sources depends on the laser technology. Many research
groups are working towards to develop high power laser for LPP EUV source
development and signiﬁcant progress is being achieved. Another big concern
is the lifetime of the multilayer mirrors used as collector mirrors in LPP
system which is more strongly aﬀected by debris and thermal load than the
grazing incidence mirrors used in DPP system. Fig. 2.6 shows the LPP
concept and Cymer's LPP source chamber architecture [36].
DPP and LPP have their own advantages and disadvantages for EUV
light generation and both techniques have made signiﬁcant progress recently
getting closer to the HVM requirement. The key requirement of both source
systems is the high power of EUV light generation and the long life time of
its component.
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2.2.2 Fuels
The materials chosen to generate hot plasma and accordingly emit EUV light
are called EUV fuels. There are three major fuel materials (Xe, Sn and Li)
under consideration and each has its own positive and negative aspects.
Xe is an inert gas which provides a debris-free source. However, energetic
heavy Xe ions will erode the collector mirrors. The conversion eﬃciency
(CE) of Xe, reported to date, is less than 1 %, which is too low for HVM.
The conversion eﬃciency is the ratio of EUV light power output in a 2 %
bandwidth around the chosen 13.5 nm wavelength to the input energy in
the EUV source. It is a measure of scalability of EUV light power given
source technologies. Thus, Xe's low CE is not suitable for HVM as higher
input energy to the source is required to scale up EUV light output for HVM.
Such requirement causes thermal issues in DPP source electrodes or demands
higher-power lasers development.
Sn has multiple ionic stages, Sn8+ to Sn12+, emitting light around 13.5nm
whereas Xe has only one ionic stage, Xe10+, contributing to 13.5 nm light
emission [27]. Therefore, its CE is much higher than Xe's. Actual measured
data shows that the CE of as much as 3% can be achieved using Sn as a fuel
[37]; theoretically the CE can be increased up to 6 %-10 % with improvements
upon source design [27, 38]. Yet, Sn has a serious debris contamination prob-
lem since Sn is a condensable metal whose melting temperature and boiling
temperature are 505.08 ◦K and 2875 ◦K, respectively [39]. To reduce the
amount of Sn debris, mass-limited, cavity-conﬁned and pre-ionized plasma
Sn sources are currently being studied by several groups [38, 40, 41, 34, 35].
Compared to Xe and Sn, Li radiates only at 13.50 nm with a line width
of 0.03 nm. Therefore, a Li EUV source system might not require spectral
purity ﬁlter (SPF) to reduce out of band radiation. Since there is no need to
use SPF, it would be an advantage since SPF also attenuates light output. Li
ions also cause less erosion of the collector mirrors because of its light weight.
To date, the CE of lithium was reported as 2.5 % using a 351-nm excimer
laser in LPP and DPP sources [42]. In spite of less erosion and higher CE
than Xe, Li has some other problems such as debris contamination issues
and high reactivity [43]. In addition, a Li source system can suﬀer from
considerable loss of light emission because of its line spectrum if the peak
reﬂected wavelength of the mirrors slightly changes by surface erosion or
16
Figure 2.7: Calculated near normal incidence reﬂectivity of the 11 mirror
system and spectra of Sn, Li and Xe.
inter-layer mixing in multilayer mirror structures. Debris contamination can
be addressed by secondary plasma cleaning or by heating up the surface
at 400 ◦C [44]. A thin diﬀusion barrier has been investigated for reducing
inter-layer mixing at high temperature [45, 46].
The real spectra of Sn, Li and Xe source are shown in Fig. 2.7. Calculated
reﬂectivity is also shown together with the 11 mirrors system designed for 13.5
nm EUV light. It clearly shows that the wavelength shift of either mirrors
or source can cause a signiﬁcant light loss. Therefore, Sn is superior to both
Xe and Li in terms of light output. As also seen in Fig. 2.7, the choice of
13.5 nm wavelength for EUVL enables one to consider more candidates until
a more deﬁnite decision of EUV fuel is made. This gives more justiﬁcation
to choose EUVL wavelength at 13.5nm [47].
2.2.3 Collector mirrors
Collector mirrors are the closest optical system to EUV light source system
which collect EUV photons by reﬂection and focus them at intermediate focus
(IF). There are two kinds of collector mirrors in EUV source systems: the
normal-incidence multilayer mirror (MLM) for the LPP source system and
the grazing-incidence mirror for the DPP source system. MLM is an artiﬁcial
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structure alternatively stacked with thin ﬁlms of high and low atomic number
(Z) in order to meet the constructive interference condition from all the layer
interfaces.
In the EUV range, the material's refractive index is complex as there is
non-negligible absorption [48].
n = 1− δ(λ)− iβ(λ) (2.4)
, where δ is the decrement of the real part of the refractive index and β is
the absorption index.
The constructive interference condition mentioned above is simply said
to have a periodicity (thickness of one bi-layer) d = λ/2 for normal incidence
illumination at wavelength λ. But with a correction for refraction in the
multilayer mirror, the condition becomes
2d sin θ
√
1− 2δ¯
sin2 θ
= mλ (2.5)
, where δ¯ is the bi-layer weighted real part of the refractive index andm = 1,2,
3, ....[48].
The materials for the alternating ﬁlms are chosen from the criteria of
the highest optical contrast and the lowest absorption. Among the material
pairs selected by the criteria, Molybdenum (Mo) and silicon (Si) pairs with
a period (d) of 6.9 nm proved to be the best choice for normal incidence
mirrors operating at 13.5 nm, the wavelength of choice for EUVL [21, 22, 49,
50, 51, 52, 53, 54].
Multiple Mo/Si bi-layers with well-deﬁned thickness (well-controlled rough-
ness and inter-diﬀusion) will increase the total reﬂection of incident EUV
light at or close to normal angle. However, the total reﬂectivity will not con-
tinuously increase with the number of pairs due to absorption of light. The
optimized number of pairs based on performance and fabrication eﬀort is 40
or 50 pairs for EUV lithography. The EUV light reﬂectivity of those Mo/Si
multilayer mirrors has been achieved by approximately 70 % primarily due
to the mirror fabrication techniques development. In Fig. 2.8, it is shown
that the total reﬂectivity saturates after 40 pairs of bi-layers by simulation
with a tool in center for X-ray optics (CXRO) [55, 56].
In the normal-incidence EUV mirrors, Si will be traditionally the top of
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Figure 2.8: Number of pairs of Mo/Si in MLM vs. calculated total reﬂec-
tivity. These are simulation results from the X-ray interaction with matter
calculator in center for X-ray optics (CXRO).
the whole Si/Mo MLM stack. However, the oxidation of the Si top layer is
known as irreversible contamination and will degrade the reﬂectivity of the
mirrors. To overcome this oxidation-caused reﬂectivity degradation, a thin
Ru layer (∼ 2nm) is used to cap MLM. Ru has a good EUV reﬂectance and
high oxidation resistance [50, 54, 57, 58]. Other eﬀorts such as MLM with a
Gibbsian segregation alloy [59] and/or with diﬀusion barriers [21, 49, 54] have
also achieved longer lifetime of multilayer mirrors in a harsh environment.
For the grazing incidence mirrors, the mirror does not have a multilayer
structure. Rather they are coated with highly reﬂective metal for EUV light.
The simulated reﬂectivity along the grazing incidence angle is shown in Fig.
2.9, when the mirror surface is coated with diﬀerent materials. Mo appears to
be the best material among the simulated materials, but it has high oxidation
susceptibility [60]. Ru is the best candidate for the grazing incidence mirror
because Ru has both good EUV reﬂectance and good oxidation resistance.
Fig. 2.10 shows actual photos of the normal-incidence EUV mirror and
the grazing-incidence EUV mirror. The normal-incidence mirror has a hole
for laser to hit the target on its hemispherical surface in LPP EUV source.
In contrast, the grazing-incidence mirror has multiple shells which are nested
together to collect more EUV light from the z-pinch in DPP EUV source.
Aside from the material, another important factor to be considered for the
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Figure 2.9: The simulated reﬂectivity vs. grazing incidence angle with dif-
ferent material coating on grazing incidence mirrors. These are simulation
results from the X-ray interaction with matter calculator in center for X-ray
optics (CXRO)..
Figure 2.10: Actual photos of the normal-incidence EUV mirror and the
grazing-incidence EUV mirror (Courtesy of Cymer and Zeiss for the mirrors
in LPP and DPP EUV source, respectively).
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Figure 2.11: The eﬀect of surface roughness on the reﬂectivity of grazing
incidence mirrors. Simulation results are from X-ray interaction with matter
calculator in center for X-ray optics (CXRO).
reﬂectivity is the surface roughness. Rough surfaces will scatter the incoming
light and degrade the reﬂectivity of mirrors accordingly. The simulation
results in Fig. 2.11 show how the surface roughness aﬀects the reﬂectivity
of grazing incidence mirrors. From this simulation, it is apparent that the
surface roughness is an important factor for the reﬂectivity. EUV mirrors
are required to be ﬂat as possible with a surface roughness less than 1 nm.
Note that the surface roughness also aﬀects reﬂectivity of multilayer mirrors
in the same manner and extent.
2.2.4 Integrated EUV lithography system
Fig. 2.12 shows the ASML's alpha demo tool (ADT) with the Philip's DPP
EUV source. The ADT is a full ﬁeld step-and-scan research tool used to
demonstrate the feasibility of extreme ultraviolet lithography (EUVL) and to
reduce technological risks in the development of EUVL production tools [40,
61, 62]. The ADT is largely composed of EUV source system, illumination
optics system, projection optics system, and wafer control system. Those
ADTs had been installed at Belgium research center, IMEC and American
consortium, SEMATECH, and used by multiple companies developing the
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Figure 2.12: ASML's alpha demo tool (ADT) with Philip's DPP EUV source.
semiconductor chips through collaborative research. The throughput of ADT
is a couple of wafers/hour mainly due to the low power output of the EUV
source system integrated in ADT [62]. However, the early learning from ADT
as an integrated EUV lithography system will help overcome the challenges
of EUV lithography for HVM.
A positive note for EUV lithography is that it has been reported that the
ﬁrst functional 22 nm CMOS SRAM cells were made using the ADT as a
result of those research and collaborations [63]. This inspires further eﬀorts to
develop EUV lithography system with higher power for the next generation
semiconductor chips. Moreover, the existence of the fully integrated EUV
lithography system indicates the signiﬁcance of this study to resolve the
current technology issues.
2.3 Sn contamination in a DPP EUV source
As discussed earlier, Sn is being pursued as an EUV fuel due to its superior
CE to others EUV fuels (Xe and Li). However, Sn is a condensable mate-
rial so that Sn ion/neutral debris generated along with EUV light will be
deposited on every component inside the EUV source systems including the
EUV collector mirrors. The contaminated EUV mirrors by Sn debris will
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Figure 2.13: The reﬂectivity degradation of grazing incidence mirrors along
Sn deposition thickness. These are simulation results from the X-ray inter-
action with matter calculator in center for X-ray optics (CXRO).
lose reﬂectivity and result in loss of light output. Considering the diﬃculty
to develop a high power EUV light source, one can imagine how signiﬁcant
it is to maximize light collection. Thus, the contamination by Sn debris is
the biggest challenge to overcome when using Sn as an EUV fuel.
The most direct eﬀect of Sn deposition on mirror surface is the loss of
reﬂectivity of the mirrors. The simulated reﬂectivity degradation by Sn de-
position on grazing incidence mirrors is shown in Fig. 2.13. The simulation
is done using a simulation tool in the CXRO. A thin layer of Sn deposition
on Ru surface results in considerable amount of reﬂectivity loss. In order to
keep the reﬂectivity as much as 90 % of its original value, the thickness of
Sn deposition needs to be kept less than 1 nm.
The amount of Sn debris on collector optics can be signiﬁcantly minimized
to some extent by ion debris mitigation techniques. However, ion mitigation
merely slows the contamination but does not solve the contamination issue
completely. As an example, it is shown in Fig. 2.14 how badly Sn debris
deposits within a Sn DPP EUV source [7]. The thickness of the deposited Sn
along with the number of pulses was measured by quartz crystal microbal-
ance (QCM) in 60 W Sn DPP EUV source under three diﬀerent conditions
: without mitigation, with foil trap only, and with foil trap and gas ﬂow
control. Without any mitigation method, a large amount of Sn deposits in
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Figure 2.14: Thickness of deposited tin measured by QCM under three dif-
ferent conditions; without mitigation, with foil trap only, and with foil trap
and gas ﬂow control.
short time, with a deposition rate of 3.9× 10−4 nm/pulse. With mitigation
techniques such as foil trap and gas ﬂow control together, Sn deposition rate
can be considerably reduced to 3.2× 10−8 nm/pulse but still cannot be elim-
inated. This implies that 2.6 um Sn debris will build up during the lifetime
of 80 billion shots required for HVM. In other words, after only 10-hours
operation at 7 kHz source repetition frequency, 8 nm-thick Sn is expected to
deposit even with foil trap and gas ﬂow control mitigation methods together.
Even with this thickness of Sn, the reﬂectivity of mirrors will degrade to an
intolerable extent that it can no longer be continuously used. Therefore, in
parallel with ion debris mitigation techniques, a cleaning method is essential
to improve the life span of these expensive EUV collector mirrors; besides,
there is no guarantee that the current debris mitigation techniques will work
eﬃciently for higher power and higher ﬂux of debris at the HVM level.
Sn debris which will eventually deposit even with mitigation techniques
needs to be cleaned. Otherwise, costly and frequent replacement of mirror
systems will hinder the success of EUV lithography simply from the econom-
ical perspective. Some groups have studied the removal of Sn using atomic
hydrogen. It has been shown that successful recovery of EUV mirror re-
ﬂectivity can be achieved with atomic hydrogen cleaning. Nevertheless, the
24
cleaning rate is slow  only 200 nm/hour [41]. The slow removal rate may
not be a big concern since only a few nm of Sn needs to be cleaned. However,
provided abnormal accidents happen, the atomic hydrogen cleaning method
will lead to a signiﬁcant amount of tool down time. Moreover, the detailed
physics or mechanism of the cleaning by atomic hydrogen has not been re-
ported. Other groups are approaching the same problem with pure halogen
gas cleaning. The down side of this method is that the corrosive halogen gas
will aﬀect other components in the system as well as EUV collector mirrors.
Using a pure halogen gas for cleaning will also require high pressure and
high ﬂow rate due to its reaction rate. Accordingly, long cleaning time is
unavoidable with pure gas cleaning.
2.4 Objectives of the study
This study focuses on the development of a new cleaning method in Sn DPP
EUV system. Taking advantage of the fact that the EUV source system is
already under vacuum, chlorine plasma etching is investigated as a means of
Sn cleaning from Ru surface. In order to remove Sn selectively from the Ru
mirror surface without degrading reﬂectivity, a fundamental study of plasma
etching is ﬁrst presented. Exploring the optimal conditions for the cleaning
and understanding the reaction between chlorine plasma and Sn surface is a
focus. A simple etch rate model is also developed. Once the feasibility of this
method is veriﬁed through etch rate study (i.e. etch rate selectivity study
between Sn and Ru), multiple Sn samples are cleaned at diﬀerent geometrical
conditions. Experimentally, the cleaning results will demonstrate the removal
of Sn and the recovery of the Ru reﬂectivity. In a parallel experimental work,
plasma transport through a nested collector shells with various gap width is
also investigated. Based on the experimental results, an analytical model
of plasma transport is developed and combined into the etch rate model.
The resulting model predicts Sn cleaning rates under certain geometries of
various EUV collector mirrors. The most signiﬁcant objective of this study
is to provide deep insights of Sn removal through plasma etching as well as to
help design EUV collectors and the plasma-based cleaning technique in the
EUV source system based on reliable predictions of the model developed.
Plasma-based cleaning has the advantage of having fast and in situ clean-
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ing process because it uses small amount of reactive cleaning gas under vac-
uum. Thus this study will help develop a cleaning method which resolves
Sn debris issues in HVM DPP EUV source systems. Although this study is
mainly focused on the Sn DPP EUV source system and its grazing incidence
mirrors with multiple shells, the method developed is also applicable to LPP
EUV source system and its multilayer mirror. The reason is that Ru is pos-
sibly the preferred top surface material for both grazing incidence mirrors
and multilayer mirrors, as discussed earlier.
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Chapter 3
Experimental Setups
3.1 ICP-RIE system
Fundamental study of Sn etching with chlorine plasma was done in the
GALAXY system to determine the feasibility of the cleaning process us-
ing plasma etching. The GALAXY tool was originally donated by MRC as
a deposition system. For this study, the GALAXY system was transformed
into an inductively-coupled plasma reactive ion etching (ICP-RIE) system.
The GALAXY is equipped with a two-turn stainless steel internal coil to
make an inductively coupled plasma (ICP). It includes an MKS mass ﬂow
controller connected to a Java programmed controller, 1200 l/s Ar speed He-
lix cryopump, 500 l/s Ar speed Pfeiﬀer turbo pump, Dryvac 100P dry pump,
an ion gauge, convectron gauges, a baratron gauge, and an exhaust handling
system for a corrosive gas - chlorine. Fig 3.1 shows the actual pictures of the
GALAXY ICP-RIE system used for the fundamental etching and preliminary
cleaning studies.
The GALAXY uses two 13.56 MHz RF power supplies  Balzers RFS 301
Figure 3.1: Pictures of the GALAXY ICP-RIE system used for the etching
study.
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Figure 3.2: Schematic of the GALAXY ICP-RIE system and the componets
used in the RF matching network.
and ENI ACG-3DC. The RFS 301 is used for the ICP generation and the
ENI ACG-3DC is used for the chuck bias to bias non-conducting samples.
Both RF power supplies are connected to RF matching networks to minimize
the reﬂected power. Fig. 3.2 shows the schematic diagram of how the RF
supplies connected to the system through the matching networks. The vari-
able components used to matching the impedance are also shown. A residual
gas analyzer (RGA) and an RF-compensated Langmuir probe are also shown
in the schematic. The RF-compensated Langmuir probe is generally used to
minimize the radio frequency noise as discussed in great details by Chen et al
[64, 65]. The importance of compensation in RF plasma can also be found
in Daniel R. Juliano's dissertation [66]. The probe was built following the
circuit diagram in Fig. 3.3 [65]. The circuit is intended for the operating
frequency of 27 MHz. So the four RF chokes were reconﬁgured to work at
13.56 MHz (the operating frequency) and 27.12 MHz (the ﬁrst harmonics of
the operating frequency) for our system powered at 13.56 MHz RF. Using
the RF-compensated Langmuir probe, the plasma density and the electron
density were measured in the GALAXY system as 2.9± 0.4× 1011 cm−3 and
~ 3 eV, respectively.
The use of an internal ICP coil in the experiment caused the unwanted
sputtering of the coil material which redeposit on the chamber wall and the
samples. Therefore, additional care was taken to minimize the sputtered
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Figure 3.3: Circuit diagram of the RF compensation probe used for this
study (Courtesy of Sudit et al). The RF chokes were tuned for 13.56 MHz
and 27 MHz for this study.
materials from the stainless steel antenna coil. By using a silica glass cloth
tape to cover the coil, the stainless steel coil was prevented from sputtering
and was also electrically isolated from the plasma. The glass cloth materials
can still be sputtered by the potential diﬀerence between the plasma and the
coil. However, the insulated coil lowers the plasma potential so as to reduce
the sputtering [67]. Higher electron density in the insulated coil system is
another reason to use the glass cloth tape for the internal coil [67].
3.2 XTS 13-35 DPP EUV source system
After the feasibility study using the GALAXY system, the subsequent ex-
periments were done in our XTS 13-35 DPP EUV source system. The XTS
13-35 DPP EUV source was developed by XTREME technologies GmbH,
Germany, which is now a 100 % subsidiary of USHIO Inc., Japan. It is de-
signed to produce 35 W of EUV radiation in 2pi sr through a gas discharge
produced plasma. Fig. 3.4 shows the actual pictures and the schematics
of the XTS 13-35 DPP EUV source system at Center for Plasma Material
Interactions.
The system has two Osaka TG-M series turbo molecular pumps, backed
by an Ebara Model 80X25 UERRGM blower and a Dryvac dry pump. The
29
Figure 3.4: The actual pictures and the schematic drawing of the XTS 13-35
DPP EUV source system.
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dry pump also pumps down the system from the atmosphere before the turbo
pumps are turned on. With the two turbo pumps on, the main chamber base
pressure can be kept in the mid 10−7 Torr. However, only one turbo pump
was used for this study due to limited corrosive gas handling systems and
the base pressure was maintained at low 10−6 Torr.
During the cleaning study, the XTS 13-35 DPP EUV source system was
mainly used to provide similar cleaning environments as in a real EUV source
system. It has a large test chamber attached to the z-pinch system. The test
chamber has multiple ports useful for a variety of characterizing techniques.
A one-turn RF coil was made and placed carefully between the z-pinch lo-
cation and the mock-up collector where Sn samples are loaded. For the
generation of ICP out of the RF coil, a matching network was used. The
same matching network as for GALAXY's ICP coil is used. Matching can
be further varied by changing the length of RF cable between the matching
network and the load (plasma).
For the reﬂectivity study, EUV photons are emitted from a hot (Te ∼
30eV ) plasma z-pinched by pulsed discharge in XTS 13-35 DPP EUV source
system. We used Xe gas for EUV light generation. The produced EUV
photons are used for EUV reﬂectivity measurement of the cleaned samples
using photodiodes. There are two photodiodes installed in XTS 13-35 DPP
EUV source system.
In the XTS 13-35 system, a Pfeiﬀer PKR251 compact full range gauge
was used for all the pressure measurements. The PKR 251 gauge consists of
two separate measurement systems (Pirani system and cold cathode system
according to the inverted magnetron principle). They are combined in such
a way that for the user, they normally behave as one uniform measurement
system. Each measurement system covers the following pressure range: Cold
cathode (3.8× 10−9 Torr− 7.5 mTorr) and Pirani (0.75 mTorr− 760 Torr)
[68]. The measuring signal depends on the type of gas being measured and
is accurate for dry air. In the low pressure regime, the deviation is small so
that conversion for chlorine gas was omitted for this study.
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Figure 3.5: Sloan Dektak surface proﬁlometer.
3.3 Surface Characterization
A variety of surface analysis techniques were used to investigate the removal
of Sn and its eﬀect on the surface in the GALAXY system as well as in the
XTS 13-35 EUV source system.
3.3.1 Proﬁlometer
A Sloan Dektak surface proﬁlometer was mainly used for determining the
etch rate by measuring the depth change for a given etching time. Surface
proﬁlometry is a widely-used technique in which a diamond stylus can mea-
sure minute physical surface variations as a function of position by contacting
with and dragging on a sample. Since it does contact with a sample surface,
stylus force can be varied between 1- 40 mg depending on the smoothness
of samples. For the samples investigated in this study, the stylus force is set
to 15 mg. Although it has the capability of measuring step height down to
a few nm, resolution less than 10nm is hard to achieve due to the surface
roughness of the sample or a contaminated stylus by multiple users. Fig. 3.5
shows the proﬁlometer located in Materials Research Laboratory, UIUC.
3.3.2 AES
Auger electron spectroscopy (AES) is a surface sensitive technique for the
characterization of elemental concentration in the top surface. It measures
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the energy of electrons emitted from the samples surface which is irradi-
ated with electron beam. Once the incident energetic electrons remove a
ground state electron from a surface atom, an outer shell electron will ﬁll
the vacancy in the ground state. During this process, the energy diﬀerence
between the excited state and the ground state will be released sometimes
as a second outer shell electron. This eﬀect is called as Auger eﬀect and the
emitted electron is named as Auger electron after Pierre Auger who discov-
ered this process. The Auger electrons have characteristic energies of the
sample element since energy diﬀerence is determined by the orbital structure
of elements. By this means, the composition of a surface can be probed by
AES scan. Most of Auger electrons are coming from the ﬁrst a few mono-
layers; AES is a strong tool to analyze the composition of a sample surface.
By alternatively sputtering oﬀ the surface using a well-controlled ion beam
and probing Auger electrons, AES can be also used to obtain a depth proﬁle.
Physical Electronics PHI 660 AES system located in Material Research Lab-
oratory, UIUC was used for this study. The PHI 660 uses a LaB6 ﬁlament
electron gun that has a minimum spot size of about 100 nm and energy range
from 0.5 to 20 keV. However, 3 keV electron beam was used for this study.
Secondary electrons are measured with a single pass cylindrical mirror ana-
lyzer and single channel electron multiplier. Depth proﬁling is done with a
diﬀerentially pumped 3 keV Ar ion gun. To control the sputtering speed for
depth proﬁle, the raster size can be varied. Mostly, a raster size of 6.0Ö6.0
mm2 was chosen to slow the sputtering rate so that the depth proﬁle of a
thin layer can be obtained.
The AES depth proﬁle result provides the composition vs. sputtering
time. Moreover, PHI660 AES system has the previously measured sputtering
rates only for SiO2 samples with the diﬀerent raster sizes and provides the
conversion chart from sputtering time to sputtering depth. Therefore, unless
the sample is SiO2, conversion time cannot be simply converted to depth.
Given SiO2-based sputtering rate for the raster size, however, the sputtering
rate for a speciﬁc material can be calculated using a simulated sputtering
yield. By the means discussed below, a more realistic depth information can
be obtained.
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Figure 3.6: Physical Electronics PHI 660 Auger Electron Spectroscopy (AES)
system.
sputtering rate [cm/s] =
Γ [ions/cm2 · sec]× Y [atoms/ion]
ρ [atom/cm3]
(3.1)
sputtering rate (SiO2) = 0.1 nm/min =
Γ× YSiO2
ρSiO2
The unknown ion ﬂux (Γ ) is then 0.1nm/min× ρSiO2/YSiO2 . Therefore,
the sputtering rate of Sn is
sputtering rate (Sn)
= Γ×YSn
ρSn
= ρSn
YSiO2
YSn
ρSn
= 2.33×10
22
0.8
3.69
3.71×1022 = 0.29 nm/min
Using this value, a more realistic depth proﬁle of Sn sample can be ob-
tained. The sputtering yields and were calculated by SRIM simulation code
[69].
AES is favored for low Z materials. For high Z material, the energy
diﬀerence is more likely released by photons. The K-shell Auger yield is
higher than K-shell ﬂuorescence yield when Z is lower than 30 [70]. Fig. 3.6
shows the AES system located in Materials Research Laboratory, UIUC.
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3.3.3 XPS
X-ray photoelectron spectroscopy (XPS) is also a widely used technique for
surface studies. XPS is a powerful tool to measure chemical composition
and electronic state of the surface region of a sample. XPS is based on
the photoelectric eﬀect, which is the phenomenon that electrons emits from
matter when absorbing the electromagnetic radiation. In the XPS system,
photoelectric eﬀect occurs as an x-ray photon ionizes an atom and ejects a
free electron. This ejected electron is called as a photoelecton and its kinetic
energy is determined by unique energy states of each element. The kinetic
energy (KE) of the ejected electron by photoelectric eﬀect is a function of
the incoming photon energy (PE) and the binding energy (BE) of atom as
in the following equation.
KE = PE −BE − Φ (3.2)
F is the work function of the instrument. Then, BE can be obtained by
simply measuring the kinetic energy of electrons since the incoming photon
energy is ﬁxed as 1253.6 eV for Mg Ka radiation and 1486.6 eV for Al Ka
radiation in most laboratory X-ray sources. Thus, by calculating the BE
yields, the energy spectrum is obtained, which is the binding energy distri-
bution of the emitted photoelectrons. This spectrum is so-called a `ﬁnger
print' of the atom. Because the photoelectron's mean free path in a solid is
very short-typically 10-20 Å, the signal of XPS spectrum is mostly from the
ﬁrst 1-3 monolayers (ML). Thus, XPS scan is used for surface analysis like
AES. However, the biggest advantage of XPS over AES is that XPS provides
more information of the chemical bonding states of elements from binding
energy changes. For this study, Physical Electronics PHI 5400 XPS system
in Material Research Laboratory, UIUC were used to mainly study the chem-
ical composition change after etching. Although XPS can also be used for
depth proﬁle as AES, depth proﬁling with the XPS system used is unreliable
due to the unavailable ion beam sputtering rate for the XPS system used for
this study. Fig. 3.7 shows the XPS system located in Materials Research
Laboratory, UIUC.
In general, XPS is favored for high Z materials whereas AES is favored
for low Z materials. The cross section for photoelectric eﬀect is proportional
to the target material's weight as shown in the following approximation [71],
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Figure 3.7: Physical Electronics PHI 5400 X-ray Photoelectron Spectroscopy
(XPS) system.
σpe ∝ Z5/E7/2 (3.3)
Z is the atomic number of the target material and E is the incident photon
energy.
In spite of the preference of either AES or XPS techniques depending
on the target materials weight, both XPS and AES are used together to
supplement and verify each other's result throughout this study.
3.3.4 AFM
As shown previously, the surface roughness can limit the reﬂectivity of sur-
faces, particularly in the case of a grazing incidence collector. Thus, Atomic
force microscopy (AFM) is used to measure the surface roughness change
after reactive ion etching cleaning. The principle of AFM is to measure the
cantilever displacement using an optical detection system, which is caused
by the interatomic forces between the tip and the sample surface atoms. The
AFM tip is scanned over the sample by piezoelectric transducers that are
able to control the spatial position with great accuracy. Typically, a deﬂec-
tion sensor can detect deﬂection as small as 1-2 Å. So, AFM is applicable
to measure the sample surface's height variations with great details. All the
AFM measurement results are obtained from Digital Instruments Dimension
3100 AFM at the Material Research Laboratory, UIUC. This AFM system
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Figure 3.8: Digital Instruments Dimension 3100 Atomic Force Microscope
(AFM) system.
can be operated in two diﬀerent modes: contact mode and tapping mode.
In contact mode, an AFM tip is in soft physical touch with the sample and
the tip-sample interaction causes the cantilever to bend in response to the
change in surface topography. By keeping distance or force between tip and
sample by a feedback circuit, the topographic image can be generated. In
tapping mode, an AFM tip oscillates at a resonance frequency and taps the
surface on every downswing. While the feedback circuit maintains constant
oscillation amplitude, the vertical position of the scanner can be stored to
generate the surface topography. The tapping mode has less damage to sam-
ple surfaces although it is slightly slower than the contact mode. For this
study, AFM data were collected in tapping mode in 2 Ö 2 µm2 areas with a
512Ö512 resolution and at a scan rate of 1 Hz. To describe the ﬂatness of
the samples in this study, root mean square (rms) roughness is mostly used.
The rms roughness (Rrms) represents the standard deviation of the surface
heights from the mean value.
Rrms =
√√√√ 1
n
n∑
i=1
(Zi − Z0)2 (3.4)
Zi is the surface height of each location in the scanned area and Z0 is the
average surface height. Fig. 3.8 shows the AFM system located in Materials
Research Laboratory, UIUC.
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Figure 3.9: Hitachi S-4700 Scanning Electron Microscope (SEM) system.
3.3.5 SEM
Film thickness was measured by looking at a high resolution cross section of
the ﬁlm with scanning electron microscopy (SEM). In the SEM, a focused
electron beam is rasterized over the surface of the sample, resulting in sec-
ondary electron emission and back scattering of primary electrons. Secondary
electrons come from the ﬁrst few nanometers of the sample, and are strongly
dependent on the angle, which gives topographic information. The emitted
electrons are measured by a detector, and the contrast in the resulting data
is used to create a highly magniﬁed image of the surface, much like that
of an optical microscope. Whereas optical microscopes are limited to about
1400× magniﬁcation, SEM can give several hundred thousand times magni-
ﬁcation with resolution down to 1 nm due to the much smaller wavelength
of high-energy electrons.
SEM micrographs were taken with a Hitachi S-4700 Scanning Electron
Microscope, which features a cold ﬁeld emission electron source that operates
at an accelerator voltage of 0.5-30 kV and current of 1 pA  2 nA. The Hitachi
S-4700 provides magniﬁcation of 20  500,000 and a resolution of down to
1.5 nm (at 15 kV). Typically, the ultra high resolution (UHR) mode at 15 kV
and 100,000 times magniﬁcation is used for our SEM measurements. Fig. 3.8
shows the SEM system located in Materials Research Laboratory, UIUC.
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Chapter 4
Reactive Ion Etching (RIE)
This chapter ﬁrst discusses the fundamentals of the reactive ion etching.
Then the chapter presents the experimentally measured etch rates of the
elements in our GALAXY ICP-RIE system. Along with the data, meaning-
ful and important ﬁndings will be discussed such as the bias eﬀect, the gas
mixture ratio eﬀect and the water vapor interference with Sn etching. The
etching model is presented to understand the experimental observation and
predict Sn etching with a chlorine plasma. This surface physics understand-
ing will serve as the foundation for the cleaning rate prediction.
4.1 Fundamentals of RIE
Reactive ion etching (RIE) is a widely used technique in semiconductor chip
fabrication to etch deep trenches or vias with a high aspect ratio (depth to
width) in a fast manner. The anisotropic etching is possible because of the
ions accelerating to the bottom surface and assisting the surface reaction.
The positive ions are accelerated to the surface to be etched by intrinsic
plasma potential. For this reason, the ion's bombarding energy is directly
related to the plasma potential, and it can be further increased by an external
negative bias potential. The energy delivered by the bombarding ions to the
surface will be used to activate the surface diﬀusion of the neutral etchants
and the surface reaction between the etchants and the etchable material.
This ion-enhanced reaction accounts for faster and more anisotropic etching.
As Flamm points out, the term RIE is often misused to describe the ion-
enhanced plasma etching, since high etch rates are obtained regardless of the
chemical nature of the ion [72]. It is the neutrals not the ions that actually
form the volatile products for etching. However, the term RIE is used for
the ion-enhanced plasma etching in this study according to its conventional
usage.
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Figure 4.1: Reactive ion etching (RIE) using Ar+and XeF2 on silicon.
Ar+energy =450 eV, Ar+current = 0 (t<200sec), Ar+ current =2.5 µA
(t>200sec), XeF2 ﬂow = 2× 1015mol/sec (t<660 sec) (After Coburn et al).
As a classic example of RIE, Fig. 4.1 shows Coburn's experiment: silicon
etching with XeF2 gas, Ar+ions as well as the two together [73]. An ion
gun was used to provide Ar+ions at the ﬁxed energy of 450 eV during his
experiment. Diﬀerent etching methods were used in a sequence while tracking
the etch rate. For t < 200 sec, there is only XeF2 gas ﬂow without any Ar+ion
current to Si. Therefore, the etching is purely by chemical reaction between Si
and XeF2 gas during this time. For t > 660 sec, there is only Ar+ion current
of 2.5 µA without any XeF2 gas ﬂow. Because Ar is an inert gas which does
not react with silicon chemically, the etching is purely by physical sputtering
during this time. For the time between 200 sec and 660 sec, both Ar+ ions
and XeF2 gas are present together. The most important result during this
period is the signiﬁcant increase of the etch rate. The cooperation of Ar+
ions and XeF2 gas results in a fast silicon etch rate, that is about eight times
faster than separate etching either by gas or ions alone. Furthermore, the
etch rate is also much faster than a simple summation of both etch rates.
This result clearly shows that Ar+ions enhance the reaction between XeF2
gas (etchant) and silicon to form a volatile product SiF4.
The advantages of using RIE method to clean Sn for this study are three
fold: First, its cleaning rate is fast because of the enhancement by ions;
Second, EUV source system is already in a vacuum so plasma can be easily
applicable. In this way, even in situ cleaning might be possible; Third, the
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plasma based method is a dry processing which involves fewer handling and
safety issues.
For this study, a diﬀerent etchant gas (Cl2) is used according to a chemical
reaction to remove the material Sn. Yet the basic concept behind etching is
the same. More details of the reactive ion etching speciﬁc to Sn removal by
Cl2 plasma will be discussed in later sections.
4.2 Etch rate measurement
Keeping in mind that Sn needs to be cleaned from Ru surface by plasma
etching, it is a great concern to know the etch rates of both materials. The
selectivity, the etch rate of Sn over the etch rate of Ru, needs to be high.
Otherwise, the Ru mirror surface will be damaged by over-etch.
For the preliminary study to measure the etch rates, a several diﬀerent
materials were prepared. Sn samples 1000 nm thick on Si3N4 substrates were
deposited by ion beam sputtering. The Ru samples were also prepared by
ion beam sputtering on a Si substrate. Other mirror materials such as Si and
SiO2 were also investigated. For those materials, the pieces of the Si and and
SiO2 wafers were simply used. For the Si-capped normal-incidence mirrors,
Si or SiO2 might be considered as the topmost surface. If Si is used for the
protective capping layer for normal-incidence mirrors, however, a thin SiO2
layer will be naturally formed on the very top surface. The oxide is reported
to degrade the mirror's reﬂectivity so that Ru is predominantly preferred
for the capping layer. Besides, Ru is the topmost surface material for most
grazing-incidence mirrors. In short, Ru is the top surface for both normal-
incidence mirrors and grazing incidence mirrors. For these reasons, the focus
is on Ru in this study but the results from other materials are still valuable.
From the same perspective, although native SiO2 can be very thin (a few
◦
A)
and its property can be much diﬀerent from SiO2 wafer pieces, the etch rate
results of SiO2 can be useful for comparison and future reference.
During the etching experiments, the samples were half covered with a
piece of SiO2 wafer as a mask and were processed for a certain time period.
The samples were etched on the GALAXY chamber chuck with RF bias. Af-
ter etching, a stylus-type proﬁlometer was used to measure the depth change
by etching. Total etched depth was divided by the processing time to get the
41
etch rate of each material. From some initial trials, it was observed that Sn
was etched extremely fast and short processing time of ∼ 2 min. was enough
to remove the 1000 nm Sn layer. So, the processing time for Sn etching was
chosen to be 1 min. in order not to over etch and get the appropriate etch
rate. For other materials such as Si, Ru and SiO2, however, the depth change
could not be measured at all by a stylus-type proﬁlometer if processed for 1
min. The etched depth in these cases was less than 10 nm under the inves-
tigated conditions, which is the resolution of the proﬁlometer. To create a
depth change big enough to see, therefore, all other samples (except for Sn)
were processed together for 10 min.
Among a several candidates of etchant gas, Cl2 gas was chosen to remove
Sn through reactive ion etching. Sn reacts with Cl atoms and produces a
volatile Sn compound, SnCl4. The melting point of SnCl4 is -33 °C and the
boiling point is 114 °C [39]. On the other hand, Ru will not produce volatile
products with chlorine alone. Ru is etched readily by O2-containing plasmas
and form volatile by-products RuO4 [74]. Being volatile, the SnCl4 is the
key for removing Sn with Cl2 plasma. For this etching experiment, a certain
amount of Ar was added through the same gas inlet with a independent mass
ﬂow controller to see the inert gas addition eﬀect.
In order to discover optimal etching recipes to etch Sn fast but hardly etch
Ru, a variety of parameters to aﬀect etching behavior were investigated such
as plasma power, pressure, bias and gas mixture ratio. A center recipe, a
starting point to explore better etching selectivity, was chosen at low pressure
mainly due to two signiﬁcant length scales of plasma : mean free path and
Debye length. The mean free path (λmfp) is the average distance traveled by
neutral without a collision with an electron and it can simply be expressed
as Eq. (4.1) [75]
λmfp =
1
n0σ
=
0.061
P (mTorr)
[m] (4.1)
, where n0 is the neutral molecular density and σ is the collision cross-
section, which is approximately 5× 10−19 m2 for most cases. Debye length is
a characteristic length to shield the Coulomb potentials of individual charged
particles when they collide. It can be found by solving Poisson's equation
where charge neutrality doesn't meet and described as Eq. (4.2) [76]
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λDe =
√
0Te
e2ne
≈ 743
√
Te
ne
[cm] (4.2)
, where 0 is the permittivity of free space, Te is the electron temperature
in eV, e is the elementary charge, and ne is the electron density in cm−3.
For normal low temperature plasma whose Te ∼ 4 eV and ne ∼ 1010cm−3,
the Debye length is about 0.15 mm. Plasma sheath scale is known as tens
of Debye length in a typical low temperature plasma. Plasma sheath is the
region of non neutral potential between the plasma and any object surface
due to diﬀerent mobility of electrons and ions. It is in the plasma sheath
that ions are accelerated to the sample surface. Thus, collisionless sheath
is more favorable for reactive ion etching which relies on the energy of the
bombarding ion. For this reason, the pressure lower than 100 mTorr was
initially chosen. At this pressure, the mean free path is 0.61 mm, which is
somewhat longer than the plasma sheath length.
4.3 Etching results
4.3.1 Bias eﬀect
First of all, the bias eﬀect on the etching was investigated by changing the
RF bias to the sample. Instead of DC bias, RF bias was used for etch rate
measurement simply because some of samples were insulating materials. RF
bias is the self-developed DC negative voltage due to the diﬀerent mobility
of electrons and ions in an asymmetric geometry when RF power is supplied
to the chuck. It is a complicated function of reactor geometry, the blocking
capacitor value, matching network parameters and ion bombardment energy
[77]. However, the RF bias is a good indicator for the ion bombardment
energy so etch rates of the samples were measured along diﬀerent RF bias.
The measured etch rates for the diﬀerent materials are shown in Fig. 4.2.
The etching conditions other than the RF bias were ﬁxed at 500 W ICP RF
power, 10 sccm Ar/ 20 sccm Cl2, 20 mTorr processing pressure, and water
vapor pressure of low 10−7 Torr. Since Sn's etch rate is much larger than the
others' etch rates under the conditions investigated in this study, Sn data
is plotted separately along the left y-axis. Although Si reacts with Cl and
desorbs as SiClx, Si is found to etch much slower than Sn too. The lower
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etch rate of Si in our plasma compared to other publications [78, 79] might
be due to the absence of native oxide removal step as well as a non-optimized
recipe for Si etching. Despite a huge scale diﬀerence in etch rates, Si and
Sn etch rate measurement shows a general trend of reactive ion etching: as
the RF bias gets more negative, more etching was observed. The external
RF bias increases the potential drop in the plasma sheath region in addition
to the intrinsic plasma potential which is normally between 10 to 20 V.
With a higher bias (∼ -100 V), 1000 nm-thick Sn was completely etched
even in 1 minute. So the actual etch rate could be higher than shown in
Fig. 4.2. With a lower bias, Sn was still etched fast (∼400 nm/min). Note
that the measurement error is particularly large in the Sn's etched depth.
The reason for this large error is mainly due to the rough surface of Sn
surface and the non-linearity of etching due to the native oxide layer on
Sn samples. In contrast to Sn's etch rate results, Ru and SiO2 etch rates
show no such a strong eﬀect of RF bias in the investigated bias range. It
is of signiﬁcance though that Ru is barely etched with Cl2/Ar plasma and
its etch rate is below 2 nm/min as opposed to several hundreds nm/min
of Sn's etch rate. Therefore, it seems feasible and promising to remove Sn
selectively from Ru through reactive ion etching with Cl2/Ar plasma. An
over-etching can potentially and possibly etch Ru surface while it will occur
in a very slow pace. Nevertheless, the sacriﬁcial loss of Ru layer thickness
in the grazing incidence mirrors will not result in reﬂectivity loss unless the
surface roughness worsens.
4.3.2 Gas mixture ratio eﬀect
Secondly, the ratio between Ar and Cl2 was optimized for better Sn etching.
Given a ﬁxed processing pressure and total ﬂow rate, the amount of Ar
in total ﬂow rate was varied. Fig. 4.3 shows how the gas mixture ratio
aﬀects the etch results measured in the GALAXY system. Other than the
gas mixture ratio, all the conditions were unchanged: -77 V RF bias, 500W
ICP power, 20 mTorr processing pressure, 30 sccm total ﬂow rate and water
vapor pressure of low 10−7 Torr. As expected, Sn etch rate increases until
the Cl2 gas ﬂow rate increases up to 25 sccm due to more amount of the
etchant. However, with 30 sccm Cl2 gas or no Ar addition, the etch rate is
lower than with a mixture of 5 sccm Ar and 25 sccm Cl2. This clearly implies
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Figure 4.2: Etch rates of diﬀerent materials at the following conditions : 500
W ICP RF power, 10 sccm Ar/ 20 sccm Cl2, 20 mTorr processing pressure,
and the water vapor pressure of low 10−7 Torr.
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Figure 4.3: For reactive ion etching of Sn with Ar/Cl2plasma, the gas mixture
ratio is optimized at the following conditions : 500 W ICP RF power, -77 V
bias, 20 mTorr processing pressure, and the water vapor pressure of low 10−7
Torr.
that the presence of Ar ions enhances the surface reaction so that it results
in a higher etch rate even with less etchant gas. It is notable that the etch
rate with only Cl2 is quite high; higher than in some cases with Ar addition
to Cl2. The reason is believed that some positive ions in negative chlorine
plasma such as Cl+ and Cl2+ can play the same role as the positive Ar ions.
But the amount of positive ions in pure chlorine plasma appears lower than
in Cl2/Ar plasma due to the diﬀerent ionization cross section of each gas.
Moreover, the chlorine gas molecules can be dissociated to chlorine radicals
in a more eﬃcient way with Ar addition since the inert gas addition can
improve the dissociation rate of molecules by controlling the plasma density
and temperature as reported by others [80, 81]. When there is no Cl2 gas
or with 30 sccm Ar alone, Sn is removed by pure physical sputtering and
the etch rate is found to be the slowest among the cases. To summarize, a
combination of 5 sccm Ar and 25 sccm Cl2 ﬂow rates is the optimized gas
mixture ratio for high etch rate in the GALAXY system. It was observed that
Ar gas was not a must-have for reactive ion etching of Sn since the positive
chlorine ions can also assist the surface reaction to a considerable extent.
But Ar gas addition is favorable in the sense of improving the dissociation
rate of Cl2 gas molecules.
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4.3.3 Water vapor pressure eﬀect
Figure 4.4: Water vapor interference in Sn etching. There is a huge diﬀer-
ence in Sn etch rates depending on the water vapor pressure in the etching
chamber. When water vapor pressure is greater than 1 × 10−5 Torr, Sn is
not etched at all.
During the etch rate measurement study, it was found that the etch rate
was not easily reproducible unless the water molecule pressure was controlled
lower than a certain level. The GALAXY system used for the etch rate study
does not have a load-lock system. Therefore, lots of water molecules get
into the chamber when the system is exposed to the ambient air for sample
unloading and loading after each run. It turns out that the etchant depletion
is part of the reason. The water molecules in the chamber react with etchant
(Cl radical) to form hydrogen chloride (HCl) and deplete etchant density
leading to the decrease of surface coverage with Cl. This radical abstraction
reaction in Eq. (4.3) has a rate constant of about 10−10 cm3/s [82].
Cl + H2 −→ HCl + H (4.3)
More dominantly, Sn surface is passivated by oxide layer rapidly when
O2 and H2O are present in the plasma as known in Al etching with chlorine
containing plasma [83]. The dissociated oxygen atoms easily and quickly
adsorb onto the Sn surface and passivate it when plasma is made. Fig. 4.4
shows that the etch rate decreases along the increase of water vapor pressure
in the chamber. Other than water vapor pressure, all other conditions was
47
kept the same: 500 W ICP RF power, -77 V RF bias, 5 sccm Ar/ 25sccm
Cl2, and 20 mTorr processing pressure. The partial pressure of the water
vapor was read from the residual gas analyzer attached to the GALAXY
system. When the water vapor pressure is greater than 1 × 10−5 Torr, Sn
was not etched at all. Sn etching occurs only when the water vapor pressure is
lower than 1× 10−6 Torr. Below the maximum water pressure, there is still
a considerable diﬀerence in the etch rates, for example, with two diﬀerent
water pressures: 2.6 × 10−7 Torr and 7 × 10−8 Torr. This shows that the
water molecules severely interfere with Sn etching in chlorine plasma. To
minimize the water molecule interference, bake-out lights, a cryogenic pump
and a residual gas analyzer (RGA) were utilized to reduce and monitor the
water vapor pressure level at low 10−7 Torr before each etching run.
The need for low water vapor molecule pressure can be roughly under-
stood by the time constant τ to form a mono-layer for oxygen molecules once
the water molecules are dissociated in a plasma. According to the kinetic the-
ory of gases, the impinging ﬂux of molecules on the surface, I is given by
[84]
I =
p√
2pimkBT
(m−2s−1) (4.4)
where p is the pressure, m is the mass of the molecules, kB is Boltzmann's
constant, and T is the gas temperature.
Then, the time to form a mono-layer, τ is obtained by [84]
τ =
n′0
I
=
n0
√
2pimkBT
p
(4.5)
where n′0 is the number of atoms in a mono-layer and 10
15 cm−2 is a good
approximation for most solid surfaces.
From Eq. (4.5), a mono-layer of oxygen can be formed in a few seconds
under 10−6 Torr oxygen molecule pressure. The detailed oxidization or pas-
sivation process might be much more complicated. But Eq. (4.5) provides a
good feeling of how importantly vacuum condition relates to surfaces.
As shown in these experiment results, a low water vapor pressure is very
important in cleaning Sn with chlorine plasma. Fortunately, in the EUV
sources and the stepper systems, the water vapor pressure is eventually re-
quired to be lower than 1 × 10−6 Torr due to the optics oxidation control
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[54]. Thus, a real EUV source system will be in favorable environment for
Sn etching with chlorine plasma.
4.4 Etching kinetics model
There are several proposed mechanisms to explain how ions can enhance
plasma etching reaction on the surface. A widely accepted mechanism is
that ion bombardment breaks the bonds of the surface material and creates
vacancies over a depth of several monolayers below the surface. The vacan-
cies are called as the active sites where adatoms stick more easily, along with
other surface imperfections like steps, kinks, and dislocations. As the number
of the active sites increases, the surface coverage by etchants also increases.
The increase of the active sites depends on the ion energy, which can be well
controlled by the plasma sheath potential in reactive ion etching. Once the
etchants successfully adsorb on the surface to etch, reactions occur to form a
volatile product which removes the material through desorption. There are
two popular mechanisms to model how the volatile product is formed. Ac-
cording to the Langmuir-Hinschelwood mechanism [85], the reaction occurs
only between the adsorbed molecules on the surface. In the Rideal mecha-
nism [85], a gas molecule impinging on the surface reacts with an adsorbed
molecule.
Referring to the literature of Si etching with chlorine plasma [72, 73, 77,
78, 79, 86, 87, 88, 89, 90], and adopting Langmuir-Hinschelwood mechanism
for this study, the surface kinetics of Sn etching with Cl2 plasma is modeled
in a simple manner as follows:
Sn + ions −→ Sn∗ (4.6)
Sn∗ + Cl −→ SnCl (4.7)
Sn∗ + 2Cl −→ SnCl2 (4.8)
2SnCl + SnCl2 −→ SnCl4 ↑ +2Sn∗ (4.9)
First of all, the bombarding ion makes Sn dangling bond which leads to
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Figure 4.5: Surface kinetics model for Sn etching with Cl2 plasma
the active sites (Sn∗) on the Sn surface for adsorption of Cl radicals (etchants)
as given in Eq. (4.6). This step will create and add a number of active
sites to the intrinsic active site population on the Sn surface. Then the
chlorine radical will adsorb to the active sites as in Eq.(4.7) and Eq.(4.8).
It is assumed that adatoms will only be adsorbed to the fraction of the
sites not covered with adsorbate. For the sake of simplicity, the dissociative
adsorption of chlorine gas molecules is ignored in this model. By Langmuir-
Hinshelwood mechanism, a volatile product (SnCl4) only forms through the
reaction between SnCl and SnCl2, which are already adsorbed and reside
on the surface as in Eq. (4.9). During this step, the impinging ions can
enhance the reaction by delivering their kinetic energy to the surface. The
transferred energy is used as surface diﬀusion activation energy as well as
desorption activation energy. In the above kinetics model, the roles of ions
in Sn etching are twofold: First, they increase the number of active sites on
the surface by creating surface imperfections more. Second, they enhance
the reaction rate by transferring energy to the surface.
Fig. 4.5 simply depicts the proposed surface kinetic model in Eq.(4.6)-
Eq.(4.9) and identiﬁes the reaction rates involved. θ is the fraction of surface
sites covered with Cl radicals.
Before we develop the etching model further, note that the atomic number
density (nSn) and the surface density of adsorption site (n
′
0) of Sn are as
follows:
nSn =
ρSnNA
A
=
7.31[g/cm3]× 6.0220× 1023
118.71
= 3.71× 1022/cm3 (4.10)
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, where ρSn is the mass density of Sn, NA is Avogadro's number, and A
is the atomic weight of the atom.
Then the surface density of adsorption sites may be roughly estimated as
n
′
0 = (nSn)
2
3 = 1.11× 1015/cm2 (4.11)
In Fig. 4.5, Ki is the rate constant for ions incident on the surface [91].
Ki = uB/n
′
0 =
√
eTe
Mi
/n
′
0 = 2.9× 10−10cm3/s (4.12)
This value is estimated for Ar ions in a plasma with the electron temper-
ature of 4 eV. However, the value does not change much for either chlorine
ions or diﬀerent electron temperature since the ion mass or the electron tem-
perature is in the square root in Eq. (4.12). In the plasma investigated for
cleaning, Ki is in the range of 2− 3× 10−10cm3/s.
Ka is the rate constant for the neutral Cl radical adsorption. This can be
obtained from
Ka =
1
4
υ0
n
′
0
=
1
4
√
8kT0
piM0
/n
′
0 ∼ 10−11cm3/s. (4.13)
, where υ0 and M0 are the thermal velocity and the atomic mass of Cl
atom, respectively. The adsorbed Cl radicals are assumed to react immedi-
ately to form the adsorbates, SnCl and SnCl2, since their formation enthalpies
indicate an exothermic reaction [39].
In the reactive ion etching, the adsorption is improved as the positive ions
are hitting the surface and creating more active sites. In order to take this
phenomena into account in the model, we use the adsorption yield of the Cl
radical to Sn active sites per ion incident on the clean Sn surface, Ya in this
model.
Ya = fδ (4.14)
, where f is the active site generation rate by a bombarding ion and δ is the
probability for a Cl radical to be trapped in the surface potential well of the
active sites. We will suppose that at least one active site is created by an
accelerated ion since its kinetic energy is higher than the Sn's bonding energy
in the range of a few eV in general cases. So f is usually larger than unity.
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The radicals are easily trapped in the surface potential well and lose their
energy [91]. So δ ∼ 1 may be reasonably assumed for Sn and Cl radicals.
From this reason, Ya can be approximated as > 1 in the model and increases
with ion energy. This rate carries the ion's kinetic energy eﬀect on adsorption
in reactive ion etching.
Yd is the desorption yield of SnCl4 molecules per ion incident on a surface
fully covered with Cl atoms in the absence of other desorption mechanisms.
We will suppose that
Yd = ηεi/εb (4.15)
,where εb is the binding energy between the molecule (SnCl4) and the surface
(Sn) and εi is the energy of ions hitting the surface in reactive ion etching. η is
a factor accounting in a combined manner for the eﬃciency of forming SnCl4
with two adsorbates (SnCl and SnCl2) and breaking its bond to the surface
by incident ion. The ions are accelerated in the plasma sheath to much
larger energy than the bonding energy between Sn and SnCl4, that is, εiεb.
Thus, the resulting coeﬃcient Yd is much greater than a unity. In this surface
model, all the detailed reactions between SnCl and SnCl2 are merged into
the coeﬃcient, Yd, accounting for the surface reaction enhancement through
the transferred kinetic energy.
The etch product (SnCl4) is also thermally desorbed from the Sn surface
unless no etching occurs without ions at all. Kd is the rate constant for
thermal desorption of SnCl4. The adsorbates, SnCl and SnCl2, are assumed
to reside on the surface until they form SnCl4. The ﬁrst order desorption
rate is described in Arrhenius forms in the following equation [92].
Kd = K0exp(−εdesorp/T ) (4.16)
, where εdesorp is the depth of the potential well in physisorption or chemisorp-
tion: 0.01 − 0.25V for physisorption and 0.4 − 4V for chemisorption. The
useful and reliable estimations for K0 are K0 ∼ 1014− 1016 s−1 for physisorp-
tion and K0 ∼ 1013 − 1015 s−1 for chemisorption, respectively [93]. The
resulting Kd for physisorption is many orders of magnitude higher than for
chemisorption. The values can be Kd ∼ 6.67× 109 − 1.83× 1015 s−1 for ph-
ysisorption ; Kd ∼ 2.01× 106 − 1.80× 10−20 s−1 for chemisorption. It turns
out that the desorption rate for Sn and Cl reaction in this study is in the
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order of unity from ﬁtting our model to measurements.
In order to model the etch rate, the surface coverage θ with Cl radicals
needs to be obtained ﬁrst. The model hypothesizes that Sn is removed only
from the surface in the form of SnCl4. The change of the surface coverage
with adatoms (Cl radicals) or adsorbates (SnCl or SnCl2) satisﬁes the form:
dθ
dt
= KanCl_S(1− θ) +KiYani_S(1− θ)−Kdθ −KiYdni_Sθ (4.17)
, where nCl_S and ni_S are the Cl radical density at the surface and the
positive ion density at the plasma-sheath boundary, respectively.
By solving Eq.(4.17) in steady state, the surface coverage in the thermal
equilibrium is found as
θ =
KanCl_S +KiYani_S
KanCl_S +KiYani_S +Kd +KiYdni_S
. (4.18)
Then, the etch rate (ER) can be calculated from the ﬂux of SnCl4 leaving
the surface and the Sn atom density (nSn) of the surface.
ER =
ΓSnCl4
nSn
(4.19)
As shown in Fig. 4.5, the ﬂux of SnCl4 leaving the surface is
ΓSnCl4 = n
′
0θ(YdKini_S +Kd) (4.20)
Putting Eq. (4.18) and Eq. (4.20) into Eq. (4.19), the etch rate can be
obtained as
ER =
n
′
0
nSn
KanCl_S +KiYani_S
KanCl_S +KiYani_S +Kd +KiYdni_S
(YdKini_S +Kd)
=
n
′
0
nSn
1
1 +
Kd+KiYdni_S
KanCl_S+KiYani_S
(YdKini_S +Kd)
=
n
′
0
nSn
(
1
Kd +KiYdni_S
+
1
KanCl_S +KiYani_S
)−1 (4.21)
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4.5 Discussion
In the parenthesis in Eq. (4.21), the ﬁrst term indicates the desorption and
the second term the adsorption. They show that the enhanced desorption
of the etch product and the enhanced adsorption of the etchant by plasma
will lead to higher etch rate. The enhancement by ions in the reactive ion
etching is carried out by the two enhancement coeﬃcients Yd and Ya.
Although we do not know the values of those coeﬃcients yet, Fig. 4.6
shows how Ya and Yd aﬀects the etch rate given the positive ion density (ni_S)
and the chlorine radical density (nCl_S). Fig. 4.6 (a)-(d) shows the etch rate
predictions by the model in Eq. 4.21 when nCl_S is 1013 cm−3, 1012 cm−3,
1011 cm−3 and 1010 cm−3, respectively. The same ni_S of 9 × 109 cm−3 was
used for all the predictions. The results show the etch rate decreases with the
chlorine radical density. The chlorine radical is the very etchant to remove
Sn so that small amount of the radical leads to low etch rate. When Ya and
Yd are large, the etch rate changes much along the radical density.
Fig. 4.7 shows the 2-D contour plots of the previous results. The ﬁgure
shows the eﬀect of Yd and Ya on the etch rate with diﬀerent radical density
in a better manner. The contours show the combination of Yd and Ya to
result in the same etch rate. The values on the contour lines indicate the
prediction of etch rate. Fig. 4.7 (a) shows that Ya has a weak eﬀect on the
resulting etch rate overall in the investigated range. On the other hand, Fig.
4.7 (b), (c) and (d) shows Ya starts to have a strong eﬀect on the etch rate, in
particular when Yd is large as the radical density gets lower. This implies that
the etching is limited by desorption when the radical is suﬃciently available
whereas the etching is limited by adsorption when the radical density is low.
This model provides a good insight of how to improve etching with diﬀerent
conditions of etchant gas.
In order to minimize the number of the free parameters, the two co-
eﬃcients can be estimated in a macroscopic level from understanding the
plasma physics and the surface physics. Besides, they both can be approxi-
mately expressed with the sample bias, which is the primary control during
the etching.
For the desorption enhancement, we will correlate it with bias voltage
Vbias as
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Figure 4.7: Contour plots of the etch rate predictions with varying Ya and Yd
for diﬀerent Cl radical density. (a) for nCl = 1013cm−3 (b) for nCl = 1012cm−3
(c) for nCl = 1011cm−3 (d) for nCl = 1010cm−3.
Yd ≈ | Vbias | +Vplasma
εb
(4.22)
The factor µ in Eq. (4.15) is unknown to us but assumed as a unity
to start. The ions are accelerated in the plasma sheath and will obtain
the kinetic energy as much as the potential drop from the plasma to the
sample surface. The bonding energy (εb) is a couple of eV. The plasma
potential (Vplasma) of 20 V was measured by an RF-compensated Langmuir
probe in this study. Also, using the measured electron temperature of 3 eV,
we can conﬁrm the reasonable validity of the plasma potential according to
the following Eq. (4.23)[94],
Vplasma − Vfloat = Te(3.34 + 0.51 ln(A)) (4.23)
, where A is the atomic mass number. The measured ﬂoating potential is
usually several eVs.
For the adsorption enhancement, we hypothesize that a number of the
active sites are produced linearly proportional to the sputtering yield (num-
ber of the sputtered atoms/bombarding ion). Fig. 4.8 shows the TRIM
simulation of the sputtering of Sn by Cl atom. It also shows Si's and Ru's
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Figure 4.8: The sputtering yield simulation of Sn, Si and Ru with the im-
pinging Cl atom by TRIM.
sputtering yield simulation results for comparison. From the simulation, one
can see that a square root form is a good ﬁt in particular in the low energy
range. Therefore, we can say f ≈ c√| Vbias | +Vplasma − Eth, where c is the
proportional constant. To start, we assume that c is equal to 1, i.e. multiple
active sites are generated by one sputtered atom. From those grounds, we
express Ya as
Ya ≈
√
| Vbias | +Vplasma − Eth (4.24)
Eth is the threshold energy for sputtering and can be found as 30 V from
the TRIM simulation [69].
By this means, we can discuss the etch rate change along the sample bias
in our etch rate model. We did not use Ya and Yd as free parameters. Instead,
we develop our etch rate model as a function of only bias potential based on
scientiﬁcally reasonable assumption. Using the coeﬃcients Ya and Yd as in
the approximations Eq. (4.14) and Eq. (4.15), we can predict the etch rate
and compare to the previous measured data. Fig. 4.9 shows the modeling
results and the experimentally measured data. The following values are used
57
Figure 4.9: The model predictions with diﬀerent ion density vs. sample bias
using Yd =
|Vbias|+20
2
, Ya =
√| Vbias | +20− 30, and nCl_S = 1012 cm−3. The
best ﬁt is with the electron density of 2.8× 1010 cm−3.
for the modeling calculation.
Yd =
| Vbias | +20
2
Ya =
√
| Vbias | +20− 30
nCl_S = 10
12 cm−3
As for the chlorine radical density which was not directly measured in
this study, we assume that the dissociation of Cl2 into Cl is about 10 % at
the conditions investigated in the study [95]. The neutral gas density can be
simply converted from the gas pressure using nCl2 = 3.29× 1016 P (in Torr).
Furthermore, we corrected the value to one described above by considering
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the pressure drop in the region of the sample and the recombination of the
radical on the surface. Using the above values in the model, we can predict
the etch rate increase with the increasing sample bias as in Fig. 4.9. Given the
large measurement error in the etch rates and the assumptions hypothetically
made in some surface reaction rates, the etch rate model is found to predict
reasonably well the Sn removal by reactive ion etching with low temperature
chlorine plasma. The prediction shows the increase of etch rate with sample
bias. The best ﬁt is with the ion density of about 2.8 × 1010 cm−3 on the
sample surface. This is a reasonable value considering the electron density
measured by the Langmuir probe is 2.9± 0.4× 1011 cm−3far away from the
sample on the chuck, i.e. underneath the immersed RF coil. Given the mea-
surement uncertantiy and the plasma variation, our model can successfully
predict the etch rate in particular in the process window investigated. By
considering only most dominant reactions on the surface, we could develop a
simple surface reaction model validated with our experimental measurement.
There are some limitations of our model. First, the temperature eﬀect
was ignored in our model. We did not measure the temperature for this
study in an accurate manner. But, there was a slight increase of the surface
temperature after etching due to the incident ions. The increased tempera-
ture will aﬀect the formation and the desorption of the etch product and the
adsorption of the etchant on the surface. In a real system with high power
EUV light generation, the collector has a cooling system to minimize the
thermal load in the mirror coating surface. Yet, one need to note that the
temperature eﬀect can be considerable to predict the surface reaction rate
with our model. Second, our model may be inaccurate for larger range of
conditions. The model was validated in a small range of the cleaning con-
ditions such as the plasma density and the bias. The major reasons are the
plasma density inherently limited by ICP and the prevention of Ru coating
from being sputtered. For the same reasons, the real cleaning conditions will
also be in the range of the conditions investigated in this study. Therefore,
one can use this model for the cleaning of Sn debris in the EUV collectors
despite the limited validity.
This etch model will be used again when the cleaning rates in the collector
mirrors are discussed in Chapter 9.
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Chapter 5
Cleaning in ICP-RIE System
5.1 Introduction
In the previous chapter, the reactive ion etching with chlorine plasma was
shown to etch Sn much faster than Ru. Also the optimal gas mixture ratio
was investigated and high water vapor pressure (> 10−6 Torr) was found to
hinder etching. The high selectivity result is promising as it can enable to re-
move only the Sn debris deposit on the Ru mirror surface in DPP EUV source
systems. Furthermore, valuable insights of Sn etching with chlorine plasma
were obtained while developing an etch rate prediction model. As a next
step to develop Sn cleaning system in DPP EUV system, Sn-contaminated
samples were cleaned in our GALAXY system.
The collector mirrors for DPP EUV system are composed of multiple
shells in order to maximize the total light collection at the intermediate focus
(IF). Therefore, it is a great concern if plasma can clean Sn from the nested
shells as proven in the etching system. To explore this topic, cleaning Sn were
performed with mock-up collectors in the GALAXY system as well as in the
commercial DPP EUV source system. The mock-up collectors were made of
stainless shim. In the GALAXY system, we used a small mock-up collector
just to ﬁt on the sample chuck with Sn-contaminated Ru samples. In the
DPP EUV source system, in contrast, we used a large mock-up collector in
a similar scale with a real EUV collector mirrors with Sn samples. The large
mock-up collector has various gap width between shells so that it will enable
us to investigate the eﬀect of the gap width between mirror shells on plasma
transport. The cleaning results in the GALAXY will be ﬁrst discussed in
this chapter. The results in the DPP EUV source system will be discussed
in the next chapter. Most of data and discussion in this chapter had been
previously published as a journal paper [96].
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5.2 Method
For the cleaning experiment in the GALAXY system, Sn samples were pre-
pared by exposing pieces of Ru mirrors to a real Sn EUV source [97]. By this
means, Ru surface was contaminated by Sn debris during EUV generation in
the same way as real EUV collector mirrors. The thickness of the deposited
Sn debris was measured as 1-3nm by Ru-coated quartz crystal microbalance
(QCM) installed at a similar distance with the Ru samples from the source.
The AES depth proﬁle of the contaminated sample conﬁrmed the similar
thickness with the QCM measurement.
During the cleaning process, the samples were placed on the mock-up
collector, which was made of stainless shim. The mock-up collector consists
of two cylindrical shells apart from 4 cm each other. The height is 12 cm
and outer diameter is 11 cm. It can sit on the chuck in the GALAXY system
but below the internal ICP coil. The plasma was generated from the top
and moved down to the bottom of the mock-up collector. To investigate the
position dependence, three contaminated samples were placed at top, middle
and bottom position of the mock-up. Fig. 5.1 shows those sample locations
and the distance from the ICP coil. For the bias purpose, the mock-up is
electrically connected to the chuck through spot-welding. In order to enhance
gas ﬂow and plasma penetration, 1-cm spacer was placed between the mock-
up bottom and the chuck. Processing gas enters from the top of the chamber
and is pumped out by turbo molecular pump positioned at about the level
of the chuck. The etching conditions were as follows: f -100 V DC bias, 20
mTorr, 700 W ICP power and 5 sccm Ar/ 25 sccm Cl2 for the two sets of the
samples. Note that DC bias was used instead of RF bias for this experiment
since the collector mock-up and the samples are all conductive.
From the etch rate study in the previous chapter, a few seconds of cleaning
is thought to be suﬃcient for the thin deposit. However, it is uncertain if the
samples placed between two conducting shells could be successfully etched. In
addition, the eﬀect of over-etching on the Ru surface is also of great interest.
To test those aspects, two sets of the samples were cleaned separately for 1
min and 20 sec. After cleaning, the samples were analyzed by using AES,
XPS and AFM. The AES and the XPS provide the removal results while the
AFM shows the surface roughness change. For this experiment, the stylus-
type proﬁlometer was not used since it could hardly detect such a shallow
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Figure 5.1: A mock-up collector is installed inside the GALAXY system to
clean Sn from the shells. Three samples are placed at the top, the middle
and the bottom positions during the cleaning process.
depth change.
5.3 Results and Discussion
5.3.1 Surface analysis after 1-min cleaning
First, 1-min cleaning was carried out with the small mock-up collector in
GALAXY ICP-RIE system. The XPS scan results of a before-cleaning sam-
ple and three after-cleaning samples shows the removal of Sn as in Fig. 5.2.
The proximity of C1s peak (284 eV) with two Ru3d peaks (280 eV and 284
eV) makes it diﬃcult to prove the appearance of Ru after cleaning. However,
the intensity comparison of the main Sn peak (Sn 3d5 whose binding energy
is 462 eV) clearly shows that the 1-min cleaning removes most of the Sn from
all the three samples (top, middle and bottom). Only a very weak Sn signal
is seen in the XPS results of the cleaned samples. The existence of such Sn
peaks implies that some Sn residue may remain on the surface after cleaning.
Chlorine was also detected on the surface for all three samples. This Cl
peak could be from ruthenium chloride (RuCl3) or the adsorbed Cl atoms
which are not involved in forming the volatile SnCl4. The presence of RuCl3
can be seen in the high resolution scan over Ru's binding energy range after
cleaning. Fig. 5.3 shows the high resolution XPS scan curve ﬁtting with Ru,
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Figure 5.2: The XPS scan results of a before-cleaning sample and of the
after-cleaning samples placed at the top, middle, and bottom positions after
1-min cleaning.
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Figure 5.3: The high resolution XPS scan to show the formation of RuCl3.
The curve is ﬁtted with Ru, RuCl3 and C.
RuCl3 and C. The XPS analysis was performed ex situ. So it is inevitable
to have oxygen and carbon on the surface to some extent after the cleaning
runs unless the surface is slightly sputtered out before the scan. This pre-
sputtering step was omitted in the XPS scan due to the unreliable ion beam
control in the system used for this study. Therefore, the presence of oxygen
and carbon on the cleaned samples can be mostly attributed to the air contact
when transferring the samples from GALAXY system to the XPS system.
Table 5.1 shows the quantitative analysis from each element's signal in-
tensity and sensitivity factor. No Ru and Cl is seen from the original sam-
ples before cleaning. The quantitative result shows more O at the top after
cleaning. More oxygen on the top sample indicates that the sample is more
susceptible to oxidize when cleaned near the plasma source. Perhaps, this is
because there are more ions nearby the plasma source region. This observa-
tion is meaningful since it shows a potential damage of Ru mirror by plasma
cleaning.
Though XPS provided much information about the surface after cleaning,
AES was also used not only to conﬁrm the XPS result but also to provide
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Original Top Middle Bottom
Sn 22.1 2.9 2.4 2.9
Ru N/A 0.7 4.2 9.6
O 77.9 82.9 77 62.6
Cl N/A 13.5 16.5 24.9
Table 5.1: The XPS analysis of the atomic % values of the elements remaining
on three samples after 1-min cleaning in comparison to the original sample.
the depth proﬁle. As 3 keV Ar ion beam sputters the surface at a rate of
2.9 Å/min, the depth proﬁles of each element can be collected. As opposed
to XPS measurement, the surface was pre-cleaned by ion sputtering as thick
as 0.2 min before the AES scan. Fig. 5.4 shows the AES results of the
samples before and after cleaning. All the data shown here is with the pre-
sputtering step. The depth proﬁle shows each element's atomic composition
along sputtering time (bottom x-axis) and sputtering depth (top x-axis).
It is revealed that there is oxygen as much as Sn in the Sn layer before
cleaning as shown in Fig. 5.4(a). This oxide could originate from the EUV
source chamber or from air after unloading samples from the EUV exposure
chamber. In the depth proﬁle before the cleaning, Sn is seen mixed in the
Ru layer because the Ar ion beams used for sputtering probably pushed the
top layer material into the underlying layer during the sputtering step. The
implantation of energetic Sn ions during the EUV exposure for contamination
could have been considered as well. However, after cleaning, the results do
not support this possibility. There would be Sn in the Ru layer if it existed
in Ru layer before cleaning.
The rest of graphs in Fig. 5.4 conﬁrms the XPS result that Sn has been
removed from the all three samples after the 1-min cleaning. The top and
the bottom samples show complete removal of Sn whereas the middle sample
shows a little amount of Sn left on the surface. Considering the pre-sputtering
in the beginning is only 0.2 nm, the disappearance of Sn on the surface is
attributed to the plasma cleaning. The Sn seen on the middle sample could
be the residual Sn, which is not removed by the short pre-sputtering and
positioned in the scan area by coincidence unlikely in the other samples.
The residual Sn was clearly seen on all the samples by the XPS without any
pre-sputtering. In Fig. 5.4, the Cl signal is so weak that it can be ignored in
all three samples unlike in the XPS results. This can be also attributed to
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the pre-sputtering in the AES analysis.
Another notable result in this AES analysis is that the top sample has
thicker oxide layer than the bottom sample. This agrees well with the quan-
titative XPS analysis. In the region of dense plasma, more ions are hitting
the Ru surface and creating defects on the surface. Those surface defects
will lead Ru more susceptible to oxidization. Ru is known to have a good
resistance to oxidization, but these surface defects can be oxidized once Ru
is exposed to oxygen or air. Hence, we need to protect Ru from being over-
etched too much and keep it under ultrahigh vacuum. From the perspectives
of Sn removal as well as Ru damage, the bottom sample shows the best clean-
ing result: no Sn left and no oxygen in Ru layer. To achieve this result all
over the mirror surface, understanding the plasma transport and the surface
physics is essential.
In addition, the surface roughness change after cleaning was characterized
by AFM. Fig. 5.5 shows the captured AFM images of all the samples after
1-min cleaning. The polishing scratches clearly seen in some AFM images
are accounted for the relatively high rms roughness. Note that these scratch
marks are not due to the cleaning, but they were present on the original
samples before cleaning. These polishing scratches are from the Ru surface,
which was provided by a supplier. The middle sample (Fig. 5.5 (b)) does not
have those scratches although it was from the same supplier. The measured
rms roughness before cleaning is 6.7nm, 3.2nm and 5.9nm for the top, the
middle and the bottom samples, respectively. The rms roughness of the same
samples after cleaning is 6.5nm, 1.2nm and 4.8nm for the top, the middle and
the bottom samples, respectively. Table 5.2 summarizes the rms roughness
change data. Due to the absence of scratches of the middle sample, the rms
roughness of the middle sample is signiﬁcantly lower than the others. Of
great importance for this study is the change of roughness by cleaning, not
the absolute value of roughness. From the comparison, the surface roughness
somewhat improved by cleaning. The decrease of the roughness is attributed
to the removal of rough Sn debris from the Ru surface. The original rms
roughness of the Ru sample with the scratches and without scratch is about
3 nm and about 1 nm, respectively.
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Figure 5.4: The AES results of a before-cleaning sample and of the after-
cleaning samples placed at the top, middle, and bottom positions after 1-min
cleaning.
Table 5.2: Summary of the AFM scan results after 1-min cleaning. The rms
roughness, Rrms and the maximum height, Hmax are in nm.
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Figure 5.5: The AFM scan images after 1-min cleaning: (a) top (b) middle
(c) bottom.
Original Top Middle Bottom
Sn 30.9 3.6 6.4 13.3
Ru N/A 12.8 21.6 12.4
O 69.1 55.1 48.8 62.9
Cl N/A 28.6 23.2 11.4
Table 5.3: The XPS analysis of the atomic % values of the elements remaining
on three samples after 20-sec cleaning in comparison to the original sample.
5.3.2 Surface analysis after 20-sec cleaning
A 20-sec cleaning was carried out with the small mock-up collector in the
GALAXY ICP-RIE system. The samples were processed in the same man-
ner, but only for 20 sec. Fig. 5.6 and Table 5.3 shows the qualitative and
quantitative XPS scan results of the samples, respectively. Even with a 20-
sec cleaning, Sn on the top and the middle sample were mostly removed.
With a negative bias as high as -100 V, removing a thin Sn from the sidewall
for a short time seems to work. However, the bottom sample still has a con-
siderable amount of Sn left on the surface. Another noticeable result in the
XPS data is that oxidation on the surface is less compared to the samples
processed for 1 min.
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Figure 5.6: The XPS scan results of a before-cleaning sample and of the
after-cleaning samples placed at the top, middle, and bottom positions after
20-sec cleaning.
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Table 5.4: The summary of the AFM scan results after 20-sec cleaning. The
rms roughness, Rrms and the maximum height, Hmax are in nm.
Fig. 5.7 shows the AES results of the samples, supplementing the XPS
results. The AES result agrees well with the XPS observation. Sn is barely
removed from the bottom sample as in Fig. 5.7(d). Fig. 5.7(b) and Fig.
5.7(c) shows less oxidation occurring during this cleaning process as can also
be seen from the XPS results. In Fig. 5.7(d), the oxygen seen as much as 40%
on the surface in the bottom sample after cleaning is believed to be not from
new oxidation induced by cleaning but rather from the original sample. The
similarity with the depth proﬁle of the before-cleaning sample (Fig. 5.7(a))
deeper than 1 nm depth supports this explanation. In the other two samples
(the top and the middle), however, Sn and oxygen concentrations are almost
diminished. In particular, the low oxygen concentration on the both surfaces
is of great signiﬁcance. This low oxidation on the top and the middle sample
after cleaning is due to shorter exposure to energetic ions. Note that all the
condictions during the cleaning were identical except for the cleaning time.
Fig. 5.8 shows the AFM images of the samples after 20-sec cleaning. As
summarized in Table. 5.4, the measured rms roughness before cleaning is
5.1nm, 5.3nm and 4.9nm for the top, the middle and the bottom samples,
respectively. In this case, all the three sample shows the polishing scratches.
After cleaning, the rms roughness for those samples is 2.9nm, 4.5nm and
4.7nm, respectively. Overall, the surface roughness is also somewhat reduced
after cleaning as in the 1-min cleaning. But the top sample closest to the
plasma speciﬁcally shows a signiﬁcant reduction in roughness. Considering
the original rms roughness of Ru surface before Sn contamination is 3 nm, the
20-sec cleaning recovered the roughness to the original at the top location.
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Figure 5.7: The AES results of a before-cleaning sample and of the after-
cleaning samples placed at the top, middle, and bottom positions after 20-sec
cleaning.
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Figure 5.8: The AFM scan images after 20-sec cleaning: (a) top (b) middle
(c) bottom.
From the 1-min cleaning and 20-sec cleaning, the cleaning rate is found
to be faster at near location to the plasma source. The top sample is placed
at the closest position to the ICP coil so that it is exposed to higher density
region of the plasma. According to the plasma etching model in Chapter 4,
high ion density leads to fast etch rates. This implies that the etch rate or
cleaning rate in the collectors is not uniform according to the non uniform
ion density in plasma. But this non-uniformity can be addressed by locating
the plasma source where more debris deposits. It is in favor to this plasma
cleaning method that Sn debris does not deposit uniformly either.
Another important ﬁnding from the cleaning experiments in the ICP-RIE
system is that over-etching may potentially damage the Ru surface and assist
oxidization when the Ru is exposed to oxygen. Although the Ru collector
mirrors are kept in high vacuum and the Ru has high oxidation resistance, the
damaged Ru surface by ions can be exacerbated under abnormal operating
conditions. From this point of view, it is important to minimize the over
etch impact on the surface in conjunction with the cleaning rate control by
plasma density.
Having seen Sn removal with little oxidation at some samples, this plasma
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cleaning technique is found to be promising to clean the Sn debris from the Ru
in a fast pace. Besides, the roughness improvement by removing the rough Sn
deposit is another promising aspect of the cleaning. Based on the foundation
learned from the cleaning in the ICP-RIE system, the cleaning results from
a large mock-up collector in a XTS 13-35 DPP EUV source system will oﬀer
more insights to the Sn cleaning technique by plasma etching.
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Chapter 6
Cleaning in XTS 13-35 EUV
Source System
6.1 Introduction
From the small mock-up collector experiment, it was found that Sn-contaminated
Ru samples could be cleaned in a nested geometry and the cleaning rate varies
with the distance from the plasma source. In this chapter, cleaning results
in XTS 13-35 DPP EUV source system will be presented. The experimen-
tal data will show the feasibility of the cleaning technique in a real EUV
source system with incidence mirrors. The real grazing incidence mirrors
have multiple shells with diﬀerent gap width between shells.
6.2 Method
The mock-up collector used in the XTS 13-35 DPP EUV source system also
consisted of two cylindrical shells. The inner shell and the outer shell have
a diameter of 30 cm and 43 cm, respectively with a length of 30 cm. This
size is similar with the scale of real EUV collector mirrors for DPP. The real
grazing-incidence EUV collector mirror has diﬀerent gap width between the
shells in accordance to its optical design. To simulate the diﬀerent gap width
with only two shells, the two shells were placed oﬀ center each other. The
schematic drawings and a photo of the collector mock-up are shown in Fig.
6.1. Compare this to the real EUV collector mirrors for DPP system in Fig.
2.10.
Unlike the cleaning in the GALAXY system, thick Sn samples prepared
by ion beam sputtering were used for cleaning in the DPP EUV system
with larger mock-up. It was because thin (2-3 nm) samples were improper
to obtain the cleaning rates. Multiple Sn samples were loaded on the outer
shell of the mock-up at diﬀerent distance from the ICP coil with diﬀerent gap
width. Using wide head bolts, the samples were masked as well as electrically
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Figure 6.1: The schematic drawings (a), (b) and a photo (c) of the large
mock-up collector used for cleaning the Sn samples in XTS 13-35 DPP EUV
source system.
Figure 6.2: The mock-up installed inside the XTS 13-35 source and the way
to mask the samples; Sn samples are partially masked by large head bolts
for the depth change measurement.
connected to the shell for bias. The samples were biased by electrically
connecting a dc voltage supply to the mirror shell for this experiment. Fig.
6.2 shows the mock-up installed inside of the XTS source and how to mask
the samples.
Due to the limited gas controlling units in the DPP EUV system, only
Cl2 gas was used for reactive ion etching. From the reactive ion etching
study in Chapter 4, it turned out that chlorine gas alone resulted in reactive
ion etching due to the positive chlorine ions. The gas was fed through a
shower head of about the same diameter with the outer shell on the same
side of the ICP coil. By this means, the plasma distribution was relatively
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Figure 6.3: Samples are placed at diﬀerent distance from the ICP coil and
with the diﬀerent gap width. Chlorine gas ﬂows from the ICP coil side
through a shower head inlet.
uniform along the perimeter of the shell at the entrance of the collector. The
processing pressure, bias voltage and ICP power were mainly controlled to
see the eﬀect on cleaning results. After cleaning with Cl2 plasma, the samples
were analyzed with a proﬁlometer to see a depth change between the masked
and the unmasked part. For most of experiments, 500 nm Sn samples were
used. However, thicker samples turned out to be better for the cleaning rate
measurement. When using 500 nm thick samples, the samples closer to the
plasma were over etched when the farther samples start be etched. For this
reason, 2000 nm Sn samples were used when obtaining the cleaning rate.
SEM images were also taken from the selected samples after cleaning. The
SEM images were used to investigate the surface morphology change and the
occurrence of etching.
6.3 Results and Discussion
6.3.1 Surface morphology evolution
It is worthwhile to show SEM images of the samples etched at the same
time but with diﬀerent gap width and distance from the plasma. The images
presented here were taken from the 500 nm samples. The samples were
cleaned with the following conditions : 200 W plasma with only Cl2 gas
at 10 mTorr, -90V bias for 12min. Fig. 6.3 schematically shows the exact
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Figure 6.4: SEM images of the etched part and the masked part from the
samples cleaned at locations A, B, and C with a gap width of 10cm. The
samples were cleaned at the following conditions : 200 W plasma with only
Cl2 gas at 10 mTorr, -90V bias for 12 min.
locations of the samples with respect to the pump, the ICP coil, and the
mock-up collector. Note that only one turbo molecular pump (TMP) was
used for this experiment due to the limited gas handling system. The distance
between the mock-up and the ICP coil is about 7 cm. The ﬁrst sample is
mounted at the distance of 4 cm from the entrance of the mock-up. Then the
rest of samples are placed with an equal distance of 6 cm from one another.
The results presented here are from the position A, B and C.
Firstly, Fig. 6.4 shows the SEM images of the samples cleaned at the
locations with a gap width of 10 cm. It shows the images of the etched part
and the masked part. The position A, B and C are corresponding to the
distance of 11cm, 117cm, and 23cm from the ICP coil, respectively. Note
that the magniﬁcation of the images at position A is diﬀerent from others.
In the images of the sample at position A, the dark area corresponds to the
Ru surface and the bright area corresponds to the Sn left. In the images of
the other two samples, on the other hand, the brightness of the area means
vice versa. Looking at the images of the etched side of each sample, the
cleaning rate is found to be fastest at the position A as expected. Note that
the images at position A were taken at diﬀerent scale. All the images of the
masked side show that etching hardly occurs underneath the mask.
Secondly, Fig. 6.5 shows the SEM images of the samples cleaned at the
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Figure 6.5: SEM images of the etched part and the masked part from the
samples cleaned at locations A, B, and C with a gap width of 7.5 cm. The
samples were cleaned at the following conditions : 200 W plasma with only
Cl2 gas at 10 mTorr, -90 V bias for 12min.
locations with a gap width of 7.5 cm. The surface evolution along distance
is clearly shown in the images of the etched area: the surface with active
sites opens ﬁrst, etchant eats in and leave another active sites leading to the
formation of Sn islands. Then those islands get smaller and disappear as
time elapses. This morphology evolution is well supported by our etching
model which accounts for the etchant adsorption on the Sn surface ﬁrst and
the following desorption of the etch product. Overall, the images show faster
cleaning than the previous result with 10 cm gap. A plausible reason for the
fast cleaning is that more etchant is available in the region with the gap width
of 7.5cm. Given the asymmetric pumping and the diﬀerent gap width, the gas
ﬂow appears to concentrate to the nearby the pump location, where is close
to the samples discussed here. Judging from the surface images, the cleaning
result of the sample at position A with 10 cm gap in Fig. 6.4 corresponds to
somewhere between the cleaning result of the samples at position A and B
with 7.5cm gap in Fig. 6.5. Also, tiny spots are seen on the masked area at
position A. It appears that the Sn underneath mask somewhat reacts with
chlorine at position A.
Thirdly, Fig. 6.6 shows the SEM images of the etched part and the
masked part from the samples cleaned at locations A, B, and C with a gap
width of 1.5 cm. The results show similar amount of etching occurred at
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Figure 6.6: SEM images of the etched part and the masked part from the
samples cleaned at locations A, B, and C with a gap width of 1.5 cm. The
samples were cleaned at the following conditions : 200 W plasma with only
Cl2 gas at 10 mTorr, -90 V bias for 12min.
position A and C but less mount of etching at position B. Fig. 6.6 shows
another counter-intuitive but very meaningful results: Sn is also etched in
the masked areas of the samples and the amount of etched Sn underneath
mask decreases with the distance from the ICP coil. The masked area of the
sample at position A shows the most etching. And the etching underneath
mask is just about to occur at the position C. This phenomenon is only
strongly observed with the gap width of 1.5 cm among the three diﬀerent
gap widths. The somewhat similar etching may be observed in the masked
sample at the position A with 7.5 cm gap width as in Fig. 6.5. This abnormal
etching is we believe because the gas resides long between the shells due to
a poor conductance so that it can enter underneath the mask. The surface
morphology in the etched part can be understood with the longer residence
time. With the gap width of 1.5 cm, a signiﬁcant redeposition occurs and
results in the ﬁnal surface morphology as shown in Fig. 6.5. More detailed
discussion of the residence time and redeposition will be followed.
6.3.2 Redeposition
As shown in Fig. 6.7, the pressure at the left end (entrance) of the collector
is higher than at the right end (exit) when the gas is fed from the left side.
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The coil is located at the left side. Our mock-up collector has a complicated
geometry to calculate the accurate conductance. But in general, the conduc-
tance in molecular ﬂow is proportional to the area that gas ﬂows through. So
the shells with the gap of 1.5 cm have much smaller conductance than those
with 7.5 cm gap and 10 cm gap. The poor conductance in the shells with
a narrow gap increases the pressure diﬀerence between the two ends of the
collector. Fig. 6.7 shows the pressure variation qualitatively by the number
of gas molecules.
Q = C∆Pi = SiPi,avg (6.1)
In Eq. (6.1), ∆Pi is the pressure drop and Pi,avg is the average pressure
in the volume Vi. All the Vis are deﬁned as the same and the conductance
of these volume is also constant. Then the pumping speed S is found to
be the slowest in the volume V1 of the shells simply from the continuity of
throughput Q [Torr ·m3/sec].
The residence time of a molecule in a vacuum, τ , is simply the inverse
of the pumping speed. So the gas will be trapped in the volume V1 long
enough to soak into the underneath of the mask whereas the gas will not
have enough time to do so in the volume V3, where the pumping speed is
faster. The soaked molecules then can be dispersed on the surface underneath
the mask. This process is dominated by wall collisions since the microscopic
region under the mask is in the molecular ﬂow regime. This assumption is
valid under the processing pressure used in this study. The insert shows that
the pressure at the region between the mask and the surface is much lower
than the ambient pressure in a vacuum so that it leads to wall collisions.
The wall collision explains well the uniformly dispersed etched mark. Had
the diﬀusion driven the etchant into the region between the mask and the
surface, the surface morphology with gradient would have observed. Since
there will be no mask in actual collectors to clean, the discussion of residence
time may appear of less interest. However, the residence time will provide
an important perspective to the removal of Sn between the collector shells.
Comparing the masked area images with the etched area images reveals
another important perspective: redeposition. In Fig. 6.5, at position A, the
masked area shows more etching than the etched area. Also, at position B,
the same trend is observed. This is because the desorbed molecules redeposit
80
Figure 6.7: The pressure at the left end (entrance) of the collector is higher
than at the right end (exit) when the gas is fed from the left side due to a
ﬁnite gas conductance.
on the surface before they successfully escape from between the shells. The
longer residence time will make redeposition more dominant. Therefore, more
signiﬁcant redeposition will occur in the volume V1. On the other hand, in
the volume V3, the redepositon can be ignored due to short residence time.
Only little etching was observed under the mask in the volume V3. Due to
this nonuniform redeposition, the etched area images at position A and C
look similar given the diﬀerent scale in Fig. 6.5.
The redeposition eﬀect emphasizes again that the residence time or the
conductance have a signiﬁcance eﬀect on the cleaning. So for eﬃcient clean-
ing, gas ﬂow should be considered as signiﬁcant as plasma transport.
In order to estimate the criterion for the minimum conductance to pre-
vent signiﬁcant redeposition, we assume the gas molecules pass through the
gap between the shells with a thermal velocity. Then, we can suppose the
residence time limit for no unfavorable redeposition as follows:
Pavg · V
Q
 l
vthermal
(6.2)
Eq.(6.2) implies that when the gas residence time limited by conductance
is too long compared to thermal residence time, signiﬁcant redeposition will
occur. More practical equation can be obtained by manipulating Eq.(6.2)
and referring to the experimental data.
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Pavg · V
Q
> K · l
vthermal
(6.3)
In the left hand term of Eq. (6.3), V is the volume of interest and Q
is the throughput deﬁned as Q = C∆P . The accurate conductance of
our mock-up geometry is unknown. But the conductance can be found as
C = 2vthermala/(3l) for a long circular tube in molecular ﬂow [98], where a is
the radius of the tube. So our gap width d can be considered as 2a. The right
hand term is the time consumed for gas to pass by the volume with thermal
velocity, νthermal. l is simply the length of the volume of interest. K is the
correcting factor empirically determined to compensate the inappropriate
conductance and other geometry factors. It also serves as a coeﬃcient to
indicate the minimum residence time for redeposition to occur. Rearranging
Eq. (6.3) produces a simple empirical formula for the maximum gap width
given uncertainties of conductance and pumping speed in our experimental
conﬁguration.
d <
3l
4
(
Pavg
K∆P
) (6.4)
,where ( Pavg
K∆P
) is found to be ~0.07 from investigating SEM images of Fig.6.6.
Eq. (6.4) predicts that unfavorable redeposition will occur when the gap
width is less than 3l/(4K). The maximum gap width for redeposition in-
creases with the collector shell length. In other words, the gap width which
is free from redeposition in short collectors could suﬀer from redeposition in
long collectors.
From the reasoning above, it is expected that redeposition will also occur
in real EUV collectors whose length is more than 30 cm and whose smallest
gap is less than 1cm. However, this issue could be resolved by increasing 4P
with faster pumping speed.
6.3.3 Sn removal
The etched depth was measured by a stylus-type proﬁler after cleaning.
When we used 100 nm or 500 nm samples, it was hard to get the clean-
ing rates at a variety of locations. But some of cleaning experiments with
500 nm Sn samples suﬃciently provide the eﬀect of sample bias and cleaning
time.
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Figure 6.8: The eﬀect of DC bias on the cleaning 100 nm Sn samples in the
large mock-up with 10 mTorr of Cl2 plasma at 200 W for 10 min. All the
samples are with the gap width of 9 cm.
First, Fig. 6.8 shows the eﬀect of DC bias on the cleaning. The result
indicates that Sn is removed faster with more bias. Separate sets of samples
were cleaned with 10 mTorr of Cl2 plasma at 200 W for 10 min but with
diﬀerent DC bias. All the samples were located with the same gap width of
9 cm. Note that 100 nm Sn samples were used for this task. So the total
removal thickness at the distance of 12 cm with -90V is limited by the Sn
ample thickness. From the section 6.3.1, we can expect that the etched depth
should be much higher than what is shown in Fig. 6.8. At the distance of 18
cm from the ICP coil, Sn was removed with -90 V bias whereas the removal
was not seen with -50 V or no bias. None of the samples shows the removal
when no bias is applied during the 10-min cleaning.
Secondly, Fig. 6.9 shows the eﬀect of cleaning time on the cleaning.
Except for the processing time, the rest of the cleaning conditions was kept
constant : 10 mTorr Cl2 plasma, 200 W, and -90 V bias. We used 500 nm
Sn samples for this measurement. After 5 min cleaning, Sn was removed as
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Figure 6.9: The eﬀect of the processing time on the cleaning of 500 nm Sn
samples in the large mock-up with 10 mTorr of Cl2 plasma at 200 W with
-90 V bias for 10 min. All the samples are with the gap width of 9 cm.
much as 500 nm at the distance of 4 cm from the collector entrance. But
the sample at the distance of 11 cm shows little removal. However, after the
longer period of cleaning, a considerable removal was measured at the same
location. This indicates that the removal is proportional to cleaning time.
But more importantly, it shows that there is non-linearity in the cleaning
process. Roughly doubling the cleaning time results in far more than twice
the removal with shorter cleaning. This non-linearity can be understood that
a certain time is needed to start the etching process. The native oxide on the
Sn ﬁlm and the ineﬃcient adsorption of the etchant in the beginning of the
process can delay the onset of etching. The onset time can be diﬀerent along
the distance from the coil because the ion density varies along the distance.
The similar values of the removal at the distance of 4 cm by 5 min and 12
min cleaning are simply due to the Sn thickness of the samples used.
Lastly, Fig. 6.10 shows the gap width eﬀect on the cleaning to some
extent. However, due to the small thickness of Sn and large measurement
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error, it appears that the removal of Sn at the distance of 4 cm and 10 cm
are almost similar. But, the diﬀerent cleaning eﬀectiveness is clearly seen
with diﬀerent gap width. With 1.5 cm gap widths, no cleaning was detected.
At a distance of 10 cm, no cleaning was seen with 10 cm gap width whereas
removal occurred with 7.5 cm gap width. This agrees with the SEM results
that more cleaning was seen with the gap width of 7.5 cm than with the other
gap width of 4 cm and 10 cm when the samples were placed as depicted in
Fig. 6.3.
Figure 6.10: The eﬀect of gap width on the cleaning in the large mock-up.
10mTorr Cl2 gas alone, -90V bias, 500 nm Sn samples, 12min cleaning.
6.3.4 Cleaning rates
As was previously shown, cleaning is not uniform along distance from the coil.
Besides, chlorine plasma etching cleans Sn fast so that it over-etches some
samples and causes diﬃculty to ﬁnd cleaning rate . For that reason, 2000 nm
thick Sn samples were used for more reliable cleaning rate measurements.
With this thickness, none of the samples was over-etched. The cleaning
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conditions were 400 W, 10 mTorr Cl2 gas, -70 V bias and 8 min etching
time. Note that the plasma power was increased from 200 W to 400 W
for this measurement. Fig. 6.11 shows the cleaning rates obtained from the
samples at the described locations in the ﬁgure insert. The location x, y and z
correspond to those with the gap width 10 cm, 7.5 cm and 4 cm, respectively.
Note that the locations were changed from those in the previous cleaning to
avoid redeposition in the smallest gap. The smallest gap increased to 4 cm
and the position with the 10 cm gap got closer to the pump.
With the gap width of 4 cm and 10 cm, Sn was removed at position A
and B, which was 4 cm and 10 cm away from the entrance of the mock-up
collector. But the etching hardly occurred at positions C and D, which were
16cm and 22cm from the entrance of the collector, respectively. Overall, the
cleaning rates at the locations with 4cm gap are slower than those with 10cm
gap. This is probably because of the less plasma transport in the narrower
gap. The plasma transport in the shells will be discussed with more details
in the next chapter. With the gap width of 4 cm, etching underneath the
mask was observed on the samples like in the earlier case with the 1.5 cm
gap but to less extent. Despite the large measurement error, Sn appears to
be removed more at the position y (with the 7.5 cm gap) than the other
cases. With the 7.5 cm gap, moreover, the etching was observed even at the
distance of 16 cm and 22 cm for the ﬁrst time. This is partially due to the
increased plasma power. This result shows that Sn can be removed at deep
locations under certain conditions.
The cleaning rates presented here are smaller than the measured ones in
the ICP-RIE system. The plasma distribution and gas ﬂow are interrupted
by the presence of the mock-up collector in the XTS system. Accordingly,
plasma density is much lower than the density in the ICP-RIE system. Low
ICP power is attributed to the slow cleaning rate for the same reason. Nev-
ertheless, it is suﬃciently shown that Sn can be removed with diﬀerent rate
from the collector.
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Chapter 7
Reﬂectivity Recovery after
Cleanings
7.1 Introduction
The ultimate goal of all the cleaning methods is to recover the reﬂectivity
back to its original value before contamination as much as possible and keep
the resulting light output in an acceptable range. Thus, the reﬂectivity re-
covery of contaminated sample after cleaning is discussed in this chapter.
For Sn contamination, a DC magnetron was used instead of running Sn-
fueled EUV source due to the limitations of Sn supply system in our EUV
source. The EUV reﬂectivity was measured by EUV light from z-pinched
Xe plasma in our system in conjunction with photodiodes. The reﬂectivity
measurement system in XTS 13-35 DPP EUV source will be ﬁrst discussed
in this chapter. Then the measured reﬂectivity change of the Ru sample
by contaminations and cleanings will be followed. A series of contamination
and cleaning processes was done in situ without breaking vacuum. The re-
sults show the possibility of in situ cleaning of this plasma based technique.
Also, this chapter discusses the possible carbon contamination which takes
in place in addition to Sn contamination in the experiments. Experimental
evidences of carbon contamination will be discussed in the next chapter with
more details.
7.2 Method
For the reﬂectivity change measurement during in − situ cleaning, two of
SXUV20HS1Mo/Si photodiodes [99] were used. The photodiodes have a
directly-deposited ﬁlter of 350 nm Mo/500 nm Si which only passes the pho-
tons with the wavelength in the range of 12.2-15.8 nm. Hence, the lights
from z-pinch source only in the EUV range will give a rise to electrical signal
in these photodiodes.
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Figure 7.1: The quantum eﬃciency (QE) of SXUV20HS1Mo/Si photodiodes
used in this study.
The total charge, Q, generated in a photodiode by EUV photons is
Q =
∫
I(t)dt. (7.1)
Using Ohm's law,
I(t) =
1
R
V (t), (7.2)
Then, Eq. (7.1) can be rewritten as
Q =
1
R
∫
V (t)dt =
A
R
(7.3)
, where R is the input resistance of the oscilloscope and A is the area of
the time integrated voltage signal in the oscilloscope.
In order to convert this measured electrical signal to light power, quantum
eﬃciency (QE) is needed. QE is deﬁned as the number of electron-hole pairs
generated by one incident photon in the depletion region of the photodiode.
The quantum eﬃciency (QE) of the photodiodes used in this study is shown
in Fig. 7.1.
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QE is photon energy or photon wavelength sensitive and a property of
each photodiode. The light coming into the photodiode is not monochromatic
but rather broad spectrum in the pass band of the photodiode.
Using QE and the relationship described in the following Eq. (7.4), the
EUV light power can be measured by the photodiodes.
Energy/pulse =
Q[C]
1.6× 10−19[C/electron] ×
1
QE
× Ephoton[J ]/pulse (7.4)
So in Eq. (7.4), the quantum eﬃciency and the photon energy varies in
the pass band window. For the sake of simplicity, however, the average or
dominant value of QE and Ephoton can be used instead: QE of 1 and Ephotonof
92 eV.
According to Eq. (7.4), the detected signal can be compared to see the
change of the magnitude of EUV light reﬂection from the sample. Fig. 7.2
shows the reﬂectivity measurement set up in XTS source. The channel 1
photodiode (Ch1 PD) combined with a multilayer mirror was directly aligned
to z-pinch location. On the other hand, the channel 2 photodiode (Ch2 PD)
was carefully aligned to the Ru sample on the sample holder with a negative
DC bias for cleaning. The Ru sample was positioned at a grazing incidence
angle of 23 degree with respect to the z-pinch location. Any change of the
source intensity is not a concern in comparison because we can normalize
Ch2 signal to Ch1 signal in this setup. Under the experimental setup, the
Ch2 PD generates a signal even when it is not facing to the sample. Despite
the presence of a pinhole collimator, scattered photons are able to hit the
photodiode to some extent. This signal is used as a background signal of Ch2
PD. Then, the EUV signal directly from the sample surface can be calculated
by subtracting the background signal from the signal of the Ch2 PD aligned
to the sample.
Using the EUV reﬂectivity measurement set up above, the reﬂectivity
changes were analyzed after contaminating and cleaning samples. A series
of contamination and cleaning were done in situ without breaking vacuum.
Due to lack of gas handling systems for Sn containing gas such as SnH4 or
SnCl4, our system cannot produce EUV photons and Sn debris at the same
time as in real Sn EUV systems. Alternatively, a DC magnetron with 3-inch
Sn target was used for in situ contamination. During the Sn contamination
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Figure 7.2: The XTS source system with two photodiodes for EUV reﬂectiv-
ity measurement
step, the DC magnetron discharges Ar plasma to sputter oﬀ the Sn target
thereby depositing Sn particles on a Ru sample. The typical operation con-
ditions were 5 mTorr Ar gas, -400 V cathode potential, and 50 mA current.
The Sn deposition thickness can be monitored with a QCM (quartz crystal
microbalance), which was pre-calibrated for the given system conﬁguration.
During the cleaning step, the immersed coil was used with 13.56 MHz RF
power. Like the cleaning experiment in a large mock-up, only Cl2 gas was
used for the cleaning process. From Chapter 5, it was shown that Cl2 plasma
alone can also yield fast etching as it contains some positive ions. The pic-
tures of the DC magnetron and the immersed ICP coil are shown in Fig.7.2.
EUV reﬂectivity of the sample was measured after each contamination
and cleaning step. In order to measure the EUV light reﬂection, Xe was used
for EUV light generation. The operating conditions for z-pinch plasma in
our XTS 13-35 system were 2 mTorr Xe at 20 Hz repetition rate. Note that
the repetition rate is much lower than the commercial system (several kHz).
For the reﬂectivity measurement, the high repetition rate of the system is
not required so that the low pulse rate was used to minimize thermal load
to the electrode and sputtering eﬀect by energetic ions from z-pinch plasma.
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7.3 Results and Discussion
7.3.1 In-situ cleaning results
Fig. 7.3 shows the measured reﬂectivity change along the cycle of contam-
ination and cleaning steps. The values shown in the result are the relative
reﬂectivity normalized to the original reﬂectivity of the sample before the
ﬁrst contamination step. After the ﬁrst contamination using a magnetron
sputterer for 20 min, the reﬂectivity dropped to 40% of its original value.
The estimated thickness of Sn contamination by quartz crystal microbalance
(QCM) is about 5 nm, which corresponds to reﬂectivity drop of 13%. The
discrepancy is mainly due to the inaccurate geometric dimensions and shad-
owing eﬀect in the system. The diﬀerent sticking coeﬃcients of the quartz
crystal and Ru mirror sample can also be a reason. Based on the reﬂectiv-
ity drop after the ﬁrst contamination, in any case, at least 2 nm of Sn was
deposited on the Ru surface. The contaminated sample was cleaned for 10
min using conditions of 300 W Cl2 plasma at 10 mTorr with -70 V. The
ﬁrst cleaning step only showed a little recovery of the reﬂectivity to 50% of
its original. After the second contamination that followed afterwards, the
reﬂectivity dropped down again because of Sn ﬁlm build-up. The second
cleaning step was then followed in the same manner. This time, the recovery
was far more than the ﬁrst cleaning. This implies that there is a delay in
the beginning of the cleaning process under the conditions investigated as
discussed in Chapter. 6. More contamination and cleaning steps were cycled
several times in order to see how the reﬂectivity changes. Except for the
second cleaning case, the reﬂectivity change was not signiﬁcant after clean-
ing. It appears that Sn is removed less than in the second cleaning for some
reason. Nevertheless, the reﬂectivity changes by contamination and cleaning
were clearly seen with our EUV reﬂectivity measurement set-up.
During the third, fourth and ﬁfth cleaning steps, the reﬂectivity was
measured multiple times to see any eﬀect of EUV photons on cleaning. The
reﬂectivity was measured right after cleaning and was measured again after
exposing the sample to Xe-produced EUV light for a certain period of time.
Each data point in one cleaning step indicates that it was measured after
additional 2400 shots, i.e. 2 min with 20 Hz operation of z-pinch. In some
cases, the reﬂectivity enhancement was observed just after EUV exposure to
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Figure 7.3: The EUV reﬂectivity measured along the cycle of contamination
and cleaning steps with a poor electrical contact for biasing. The relative
reﬂectivity is normalized to the original reﬂectivity of the sample before the
ﬁrst contamination step, i.e. a bare Ru sample.
some extent. Overall, the reﬂectivity recovery was poor. The reason for the
poor reﬂectivity recovery was due the poor electrical contact by AES scan.
In order to investigate the poor reﬂectivity recovery by in situ cleaning,
the sample was analyzed by AES after a series of contamination and cleaning
steps. Fig. 7.4 shows the AES depth proﬁle result of two samples after the
5th cleaning. The top proﬁle shows the sample with a bias and the bottom
one shows the sample placed in the system without any bias. Both depth
proﬁles show a considerable amount of Sn still left on the Ru surface after 5
cycles of contamination and cleaning. However, cleaning with a bias clearly
showed better removal than without a bias at all. It turns out the sample
holder used for this experiment has a poor electrical contact. Due to this
poor electrical contact, in other words, less bias potential, Sn removal is
not eﬀective as much as expected. So the residual adsorbates such as SnCl
and SnCl2 result in the reﬂectivity loss. Those adsorbates, however, can be
activated by EUV photons energy to form SnCl4 and get desorbed from the
surface. This may be the reason for the slight increase of reﬂectivity with
additional EUV after the cleaning step.
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Figure 7.4: The AES depth analysis after a series of contaminations and
cleanings: (top) with bias but poor electrical contact (bottom) without any
bias at all.
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After rectifying the electrical connection to the sample holder, the same
experiment was performed. Fig. 7.5 shows its reﬂectivity change result. Af-
ter the ﬁrst contamination, the reﬂectivity dropped to similar extent with the
previous experiment. The ﬁrst cleaning shows almost no change of reﬂectiv-
ity. In conjunction with similar observation in the previous experiment, this
indicates that there is some onset time before etching occurs. The second
cleaning shows much better reﬂectivity recovery compared to the previous
experiment. The cleaning has been signiﬁcantly improved after rectifying
the bias connection even though it did not recover the reﬂectivity completely
back to the original. Unlike the previous test, the reﬂectivity was not in-
creased after EUV exposure following the cleaning step, which also indicates
not much Sn left on the surface.
Fig. 7.6 shows the AES depth proﬁle of the sample after the 3rd cleaning.
Compared to the result with poor bias contact, Sn removal was signiﬁcantly
improved. Only a little amount of Sn exist on the Ru surface. This residual
Sn will be attributed to incomplete reﬂectivity recovery. Note that consider-
able amount of oxygen exists in the Sn layer in both Fig. 7.4 and Fig. 7.6.
This implies that our contamination step deposit not only Sn but also oxy-
gen, which is very plausible considering the cleanliness of our system. The
slow cleaning rate may be due to this impurity compared to pure Sn samples
used for other experiments in other chapters. This impurity also explains the
onset time required to initiate the cleaning process.
From the two sets of experiments, we learned that the sample bias contact,
i.e. bias potential aﬀects the cleaning results; the remaining Sn can be remove
to some extent by reacting with residual etchant activated by EUV photons;
the EUV reﬂectivity gradually decreases along the cycle of cleanings in the
system investigated.
7.3.2 Surface roughness
Fig. 7.7 shows the surface roughness change after a series of cleanings by
AFM. Comparing the AFM results of the original sample and the sample
after 5 cycles of contamination and cleaning with a good bias contact, it is
shown that the repeated cleanings had little eﬀect on the surface roughness
evolution. The resulting rms roughness somewhat increased after multiple
cleanings. The increase was not substantial to lead in the signiﬁcant reﬂectiv-
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Figure 7.5: The EUV reﬂectivity measured along the cycle of contamination
and cleaning steps with a good electrical contact for biasing. The relative
reﬂectivity is normalized to the original reﬂectivity of the sample before the
ﬁrst contamination step, i.e. a bare Ru sample.
ity drop. Nevertheless, it could be a potential issue if the original roughness
is much better than the samples used for this study.
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Figure 7.6: The AES depth analysis after cycles of contaminations and clean-
ings with a good electrical bias contact.
Figure 7.7: The AFM scan images of the original sample and the cleaned
sample and the rms roughness for each sample.
97
The power spectral density (PSD) of the surface roughness of the original
sample and the cleaned sample is shown in Fig. 7.8. The PSD is the result of
Fourier analysis of the surface roughness in the scanned area. It can be used
to show the contribution of diﬀerent scale of roughness to the surface rough-
ness along the spatial frequency (k). In Fig. 7.8, the high spatial frequency
is shown at the left side according to the custom. From the PSD analysis,
it is shown that high frequency roughness decreases whereas low frequency
somewhat increased after cleanings. The increase of low frequency roughness
is probably due to particle contamination during the cleaning process in the
system investigated. Overall, any considerable diﬀerence between two PSDs
is not seen due to the cleanings.
Figure 7.8: The power spectral density (PSD) of the surface roughness of
the original sample (black solid circle) and the cleaned sample (red empty
circle).
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7.3.3 Reﬂectivity loss simulation
Fig. 7.9 shows how Sn debris thickness aﬀects the theoretical EUV reﬂec-
tivity of Ru surface by simulation. The simulation was done using CXRO
simulation tools for EUV photons with 13.5 nm wavelength [56]. The results
showed the reﬂectivity in a region around the grazing incidence angle used
for the experimental measurements as well as the reﬂectivity normalized to
the clean Ru along the thickness of Sn debris layer on Ru at 23 degree of
grazing incidence angle. The reﬂectivity decreases fast as Sn debris starts to
build up to 7 nm. Then there is a small increase in reﬂectivity but is neg-
ligible compared to other changes. It is worthwhile to note that the second
data point from the normalized reﬂectivity of unity indicates about 10 %
reﬂectivity loss even with 0.3 nm Sn on Ru.
In Fig. 7.6, the AES depth proﬁle result after a series of cleanings shows
a few Å of Sn left on the Ru surface. According to the simulation, that small
amount of Sn is enough to considerably aﬀect the reﬂectivity. This view
shows how challenging it would be to recover the reﬂectivity completely back
to its original value. Sn needs to be completely remove for the full recovery
of reﬂectivity.
A far important discovery from comparing the reﬂectivity data to the
simulation results is that the reﬂectivity recovers in less extent than what is
predicted using the residual Sn's thickness in the AES data. Furthermore, in
both experiments with a poor bias contact and a good bias contact, a gradual
reﬂectivity degradation during in situ contamination/cleaning was observed.
This trend also suggests the need to investigate some other potential contam-
ination. To understand the the gradual degradation of reﬂectivity, the carbon
contamination under EUV exposure in our system needs to be investigated.
The next chapter will present the evidences of the carbon contamination in
our XTS source system. A model developed to explain the contamination
will be discussed as well.
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Figure 7.9: (a) Theoretical reﬂectivity with Sn debris buildup on Ru at
grazing incidence angle (b) The normalized EUV reﬂectivity at the grazing
angle of 23 degree along the thickness of Sn layer on Ru.
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Chapter 8
Carbon Contamination under
EUV Exposure
8.1 Introduction
This chapter presents the experimental evidences of carbon contamination in
our system. By investigating the reﬂectivity degradation by EUV exposure,
the occurrence of carbon contamination was suspected. It is known that Sn
debris build-up increases not only the surface roughness leading to the light
scattering but also the light absorption in the contaminants layer. These are
the reasons for the reﬂectivity loss by Sn debris. Then, the reﬂectivity loss
can be expected to recover by cleaning the Sn debris from the mirror surface.
However, in the previous measurement of the reﬂectivity change along the
cleaning cycles, the reﬂectivity was found to gradually decrease regardless of
the removal of Sn debris. In order to ﬁnd out what causes the gradual loss,
a number of samples were exposed to EUV light for diﬀerent periods of time
and then their surfaces were analyzed. The analysis ﬁnally shows the carbon
contamination occurs together with Sn contamination under EUV exposure
in our system mainly due to its poor cleanliness. In addition, a simple carbon
contamination model was developed and used to understand the cleaning
results in the previous chapter. The carbon contamination model proposes a
mechanism of how the carbon contamination occurs in EUV source system,
where EUV photons as well as energetic ions are present. Most of data and
discussion in this chapter had been previously published in a journal paper
[100].
8.2 Method
In order to explore how EUV exposure aﬀects the mirror surface and its
reﬂectivity of the mirror, the mirror samples were exposed to EUV light in
our XTS 13-35 EUV source and then analyzed those exposed samples. The
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reﬂectivity change and the surface roughness change were also measured.
For the EUV light generation, the system was operated with 85 sccm of
Xe gas in conjunction with a foil trap and 200 sccm of Ar gas ﬂow. The
repetition rate was ﬁxed at 450Hz for this study. The foil trap and the buﬀer
gas were used to to mitigate debris from the source. By using those debris
mitigation techniques, the eﬀect of source debris such as energetic Xe ions on
the reﬂectivity change was minimized to study only the correlation between
EUV photons and the carbon contamination. The resulting total ion ﬂux was
measured using ESA system [101] as 9.8×106 ions/cm2 · pulse at the location
of the samples. The system was baked out using halogen lamps before the
experiment but achieved the total base pressure of only 3 × 10−6 Torr due
to the large volume of the system. The partial water pressure after bake-out
was measured at 1× 10−6 Torr by the residual gas analyzer (RGA).
For the EUV exposure, four Ru samples were prepared and installed on
the sample holders in the system. A 100 nm Ru was deposited on the Si
substrate through ion beam sputtering. The locations of the sample holders
are at an equal distance from the z-pinch electrode. Therefore, the ion ﬂux
and the photon ﬂux were assumed the same for all the samples. The samples
were exposed to 0.5, 1, 2.5, and 4 million pulses of EUV light. The number
of pulses roughly correspond to 18, 37, 93, and 148 min with the 450Hz
operation, respectively. In order not to disturb the pinch operation conditions
such as chamber wall conditions and thermal load to the electrode, the system
was continuously operated until the last sample was exposed to the desired
exposure of 4 million pulses.
The samples except for the last one were unloaded separately while the
pinch was in operation. This was done by quickly attaching and detaching
the load-lock system to a diﬀerent gate valve after a desirable amount of
exposure time. Fig. 8.1 and Fig. 8.2 [100] show the locations of the gate
valves and how the samples were unloaded through the load-lock system.
After the time-resolved EUV exposure by this means, the roughness of the
samples was measured using AFM. In the AFM measurement, a tapping
mode was engaged over a 2 µm x 2 µm surface. Three diﬀerent regions were
analyzed from each sample and the values were averaged. Furthermore, AES
was used to see what contamination was built on the exposed samples. Then,
the samples were sent out for the EUV reﬂectivity measurements. Our system
is incapable of changing the grazing incidence angle. Thus, the reﬂectivity
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Figure 8.1: The schematic drawing of the XTS 13-35 EUV source system used
for carbon contamination experiment to show the four gate valves locations
with respect to the z-pinch location.
Figure 8.2: The load-lock apparatus used to retrieve EUV-exposed samples
without interrupting the z-pinch operation.
103
Rrms(nm) Ravg(nm) Hmax(nm)
Unexposed 0.6 0.4 5.8
0.5 million 0.6 0.4 9.0
1 million 1.3 0.6 27.1
2.5 million 1.2 0.9 18.4
4 million 1.4 1.1 11.2
Table 8.1: The AFM results before and after EUV exposure
along the grazing incidence angle was measured using the EUV reﬂectometry
beam line at the Synchrotron Ultraviolet Radiation Facility (SURF III) of
NIST (National Institute of Standards and Technology) [102].
8.3 Experimental results
8.3.1 Surface roughness
The surface roughness change by EUV exposure is summarized in Table 1.
The Rrms stands for the root-mean-square roughness, the root-mean-square of
the surface height deviation from the mean height in the scanned area. Ravg
is the average roughness, the average of the surface height deviation from
the mean height in the scanned area. Hmax, the maximum height diﬀerence
is simply the diﬀerence between the highest height and the lowest height
of the surface in the scanned area. Four diﬀerent spots were scanned and
the roughness information was averaged. The error is less than 10 % of the
average values.
Overall, the surface roughness increases with the exposure time. The un-
exposed sample is initially shown to be relatively smooth (0.6 nm of Rrms).
The surface roughness almost did not change after 0.5 million pulses but af-
ter more exposure to EUV light, the roughness evolves to some extent. The
highest rms roughness of 1.4 nm was observed after 4 million-pulse expo-
sure. The overall increase of roughness by exposure was primarily due to the
erosion by the energetic ions and neutrals since the deposition was mostly
suppressed by the debris mitigation schemes. The signiﬁcant increase of the
maximum height diﬀerence (Hmax) shows the existence of pits or particles
after exposure in the scanned area. These can also contribute to the increase
of the rms roughness.
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Figure 8.3: The EUV reﬂectivity of the diﬀerent samples measured in SURF
III, NIST along with the theoretical reﬂectivity based on surface roughness
alone.
8.3.2 EUV reﬂectivity
Fig. 8.3 shows the EUV reﬂectivity along the grazing incidence angle mea-
sured in SURF III, NIST. The measured reﬂectivity of the original (not ex-
posed) sample is shown as empty squares in conjunction with the theoretical
ones with the rms roughness of 0.6 nm (the dotted line) and 2 nm (the green
solid line). The original sample is a count sample which was not loaded into
the XTS13-35 source for the exposures. The theoretical EUV reﬂectivity val-
ues are predicted by the CXRO simulator [56, 55] with conditions of 100 nm
Ru on Si substrate and rms roughness of 0.6 nm and 2 nm. It is notable that
the measured reﬂectivity of the original sample is smaller than the simulated
value with the measured Rrms; the measured reﬂectivity is closer to the esti-
mation with 2 nm Rrms which is greater than the measured Rrms by AFM.
This implies that there is some other reﬂectivity loss mechanism in addition
to the surface-roughness-induced loss. The measurement is generally smaller
than the estimation with the roughness alone but they are in the same order.
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Note that the small fall-oﬀ in the unexposed sample from 5 degree to 10
degree was simply due to the small size of the sample. Another noticeable
result is that the exposed samples (the samples after 0.5 million, 1 million,
2.5 million, and 4 million-pulse exposure) showed the signiﬁcantly reduced
reﬂectivity compared to the original reﬂectivity (either by measurement or
simulation). They are much smaller than the prediction even with the rough-
ness of 2 nm, which is somewhat greater than the measured roughness values
of the exposed samples. Furthermore, in each of the exposed samples, rip-
ples were observed in the reﬂectivity along the grazing incidence angle, in
particular, higher than 15◦; such ripples are likely caused by the interference
between lights from the mirror layer and a contaminant layer.
8.3.3 Carbon contamination
The AES scans of all the exposed samples revealed a strong carbon peak.
The carbon KLL Auger electron energy (271 eV) [103] is so close to the Ru
MNN Auger electron peak (273 eV) [103] that it is diﬃcult to say the strong
peak came from the Ru mirror surface or C contaminant build-up. However,
the absence of the second Ru peak (231eV) [103] could assure the peak is
primarily due to the carbon build-up. As an example, Fig. 8.4 shows the
AES scan results of the samples exposed to 1-million shots of EUV light.
The rest of the AES results are similar to this spectrum. The ﬁgure shows
a strong peak in the range of C or Ru but without the second Ru peak. Si
peak is also seen probably due to the sputtering of chamber wall impurities
or remaining Si compounds in the system.
As a supplementary experiment to verify the carbon contamination under
EUV exposure, witness samples of Si were used. The use of Si samples
excluded the overlapping issue between C and Ru. The experiment with
those Si samples proved a strong carbon peak after exposure. The sample
shielded by a mask from EUV photons and ions, on the other hand, showed
much smaller amount of carbon than the sample exposed to EUV photons
and ions. Therefore, it is concluded that the carbon contamination occurs
under EUV exposure.
Since the XTS 13-35 EUV source system was used for a variety of exper-
imental measurements, poor cleanliness of the system and high background
pressure is to be expected. The poor cleanliness can easily contribute to the
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Figure 8.4: The AES survey scan result of the samples exposed to 1-million
shots of EUV light.
carbon contamination. Moreover, carbon tapes used for the sample mount-
ing are also found to be a signiﬁcant source of carbon contamination through
outgassing in particular when it is heated by ion and/or photon ﬂux from
the plasma [104].
Carbon contamination lead to a combination of the reﬂectivity loss with
the ripples and the presence of carbon on the surface and the carbon accumu-
lation on the samples during the EUV exposure. Taking this into account,
the measured data were ﬁtted by changing only the carbon ﬁlm thickness
using a bi-layer mirror model in the CXRO simulator. For the simulation,
a surface roughness of 2 nm which is somewhat higher than the measured
value, was used since it yields a better match with the measurement from the
original sample. Besides, the small change of roughness is not expected to
aﬀect the reﬂectivity to a signiﬁcantly noticeable extent in the scale of Fig.
8.5 as shown in Fig. 8.3.
Fig. 8.5 shows the measured reﬂectivity (solid squares) of each sample
along the grazing incidence angle. The simulated reﬂectivity (open circle)
by the carbon deposition is also plotted together for each sample. The best
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Figure 8.6: Total carbon contamination thickness accumulated during the
EUV exposure in the XTS 13-35 system.
ﬁtting was determined by changing the carbon contamination layer thickness
and placing the ripples position. The uncertainty in the measurement of
absolute reﬂectivity at the Synchrotron Ultraviolet Radiation Facility (SURF
III), NIST is 0.35%. The measured data are successfully ﬁtted by the carbon
contamination with the diﬀerent thickness. In the case of 0.5 million pulses in
Fig. 8.5(a), however, the measured data are ﬁtted better with smaller density
d
′
(1.367 g/cm3) than the normal density value d (2.267 g/cm3) of carbon.
This is because the thin ﬁlm is not as dense as the solid carbon, i.e. the
packing density is low when the carbon deposit is in thin ﬁlm form. Typically
thin ﬁlm density can be half of the solid density [105]. Except for this thin
contamination, the measurement and the simulation match reasonably well
with the normal density value of carbon as given in Fig. 8.5(b)-Fig. 8.5(d).
The small discrepancy in the reﬂectivity intensity can originate from the
change of absorption coeﬃcient by oxidation or impurities.
Deduced from the results of Fig. 8.5, the total carbon contamination
thickness along the exposure time is shown in Fig. 8.6. As exposure time
increased, the thickness of carbon ﬁlm on Ru mirror proportionally increased.
This proportionality conﬁrms partially that the carbon contamination was
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caused by the exposure system not by the ex situ AES analysis.
It is notable that the contamination rate appears faster in the beginning
of contamination in Fig. 8.6. The dashed line is a linear line connecting from
the extrapolated origin to the ﬁrst measurement. It helps us to see the change
of the contamination rate. Despite the lack of the measurement with less
number of pulses, the results shows faster contamination rate when carbon
buildup starts. The total contamination thickness increases almost linearly
along with the number of pulses after 0.5 million-pulse exposure. From the
bare Ru surface, the carbon ﬁlm starts to grow fast with a rate greater than
7 Ö 10−5nm/pulse but the growth slows down to 2.2 Ö 10−5nm/pulse as
carbon ﬁlm builds up. This trend of carbon growth rate change agrees well
with what was previously reported in a diﬀerent system. Boller et al use
a photoelectron yield theory to explain the decrease of the carbon growth
on Au surface along the thickness of the carbon contamination layer [106].
Carbon buildup is initiated by the secondary electrons from the Au surface to
break the bonds of the hydrocarbon molecules on the surface. As the carbon
layer gets thicker, the photoelectrons from the Au surface cannot reach to the
top surface and crack the hydrocarbons. This is the reason that the carbon
buildup slows down as more carbon layer cover the Au surface. In this similar
way, the fast carbon buildup on the Ru surface in the beginning of the carbon
contamination process can be interpreted. However, in this study, another
important aspect in the carbon contamination model is included. In addition
to the photoelectrons from the surface, we take into account the sputtering
by the energetic ions from EUV sources.
During the z-pinch process in the XTS source system, the Xe gas is trans-
formed into a hot plasma enough to be excited to high energy states and
thereby emitting EUV light. The energetic Xe ions are also emitted from the
hot plasma along with the EUV photons. The ions can sputter the surface
of our sample (pure Ru or C contaminated Ru). The TRIM (the Trans-
port of Ions in Matter) simulation [69] can provide insights of how much the
sputtering of each species occurs. Fig. 8.7 shows the simulation results of
sputtering by the energetic Xe ions bombarding at 23° grazing incidence an-
gle using TRIM code. The Xe ions with selected energy are only used in the
simulation. Simulating the diﬀerent carbon contamination thickness on Ru
surface, the sputtering yield of each species was tracked down. The carbon
sputtering yield (YC) and total sputtering yield (YC and YRu) by the Xe ions
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Figure 8.7: The sputtering yield simulation by TRIM : total (Ru +C) sput-
tering by circle and the carbon (C) sputtering by square.
at diﬀerent energies are plotted together in Fig. 8.7.
As shown in Fig. 8.7, when the carbon thickness on top of Ru is 1 Å,
the carbon sputtering rate is very low since there is a little carbon on the
surface. When the carbon layer is thin, Ru is also hit by incident Xe ions or
carbon atoms and therefore sputtered as well. As carbon thickness on top of
Ru gets thicker up to 5 Å, carbon sputtering yield is enhanced because the
amount of carbon on Ru increases, whereas Ru sputtering yield decreases.
When carbon thickness is greater than 5 Å (carbon is ﬁlled in the ﬁrst few
layers underneath the surface), however, carbon is sputtered less than when
the heavy atoms (Ru) are underneath the surface. The light carbon atom will
keep more energy when it hits heavier atoms than the same weight atoms.
Then, the sputtering rate reaches the solid carbon sputtering yield results in
no Ru sputtering at all as thickness of carbon is thicker than 30 Å.
From the above discussions, the phenomenon of carbon build up can be
explained in four phases based on the sputtering yield and density changes.
In the ﬁrst phase when the carbon thickness is 0 to 2 Å, sputtering is very
low but cracking by photoelectron from Ru surface is very high. Therefore,
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carbon growth rate is very rapid. In the second phase when carbon thickness
is 2 to 30 Å, the cracking by photoelectron is still high and carbon sputtering
is enhanced. This implies that carbon bond breaking by ion sputtering is also
occurring. Therefore, overall carbon growth is rapid. In the third phase when
carbon thickness is 30 Å to 300 Å, cracking by photoelectron is still high
since the density of the ﬁlm is lower than the tightly bonded carbon. On the
other hand, sputtering rate has reached a steady state rate giving a constant
removal ﬂux by sputtering. Some ion induced cracking is also happening
but with a lower steady state value. So, the growth is not as rapid as in
the previous phases. For the last phase, cracking by photoelectron decreases
since photoelectrons are no longer produced as much in the previous phase
and cannot reach the surface to crack any carbon compounds. Therefore,
growth is slowed down and sputtering and photon- and ion-induced cracking
are the only mechanisms at work. The photon- and ion-induced cracking is a
bit faster than the removal eﬀect from sputtering. Therefore the net growth
is the slowest in the steady state.
8.4 Carbon contamination rate model
Our model starts from the assumption that hydrocarbons (CxHy) only ad-
sorb onto a carbon surface which is not already covered by non-cracked hy-
drocarbons. By cracking these hydrocarbons, carbon will be added onto the
surface. In an EUV collector, the hydrocarbons can be cracked by energetic
ions, EUV photons, or photoelectrons emitted from the Ru surface. From
this assumption, the rate of coverage of hydrocarbons can be modeled as
follows:
dθ
dt
= S(1− θ)ΓCxHy − C1θY Γi − C2θTe∆E/kBT − C3θI (8.1)
where θ is the fraction of hydrocarbon molecules present on the surface and
therefore 1 − θ is the fraction of cracked hydrocarbon molecules leading to
the next carbon layer being formed. The expression S(1 − θ)ΓCxHy is the
generation of new hydrocarbon molecules by adsorption on the carbon layer
with sticking coeﬃcient S while ΓCxHy is the incoming hydrocarbon ﬂux onto
the surface. In an EUV source system, energetic ions from hot plasma are
also present. The term C1θY Γi shows that sputtering by these energetic
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ions will crack the hydrocarbon molecules so as to lead to the formation
of the carbon layer. Γi is the incoming ion ﬂux onto the surface and Y is
the sputtering yield. C1 is a coeﬃcient larger than unity since cracking can
occur without sputtering. On the surface, there will be a thermal desorption
of the hydrocarbon molecules, C2θTe∆E/kBT . Lastly, C3θI simply shows the
cracking of the hydrocarbon molecules by photons and photoelectrons. I is
the ﬂux of photons and photoelectrons and C3 is the cracking eﬃciency.
In the steady state, the fraction of crackable hydrocarbon molecules, θ
can be derived as
θ =
SΓCxHy
SΓCxHy + C1Y Γi + C2Te
∆E/kBT + C3I
(8.2)
The contamination rate by carbon can be assumed to be linearly proportional
to (1− θ) since carbon builds up from the cracked hydrocarbons. Using Eq.
(8.2), therefore, the rate can be derived as
R(t) = k
1
1 +
SΓCxHy
SΓCxHy+C1Y (t)Γi+C2Te
∆E/kBT+C3I(t)
(8.3)
Here, k is a proportionality constant that correlates the cracked hydrocarbons
with the contamination rate. The sputtering yield is varied as the carbon
thickness changes on the surface as shown in Fig. 8.7. Also, the ﬂux I
decreases as the thickness grows since photoelectrons from the Ru will no
longer be able to reach the surface. Therefore, these are expressed as Y (t)
and I(t) whereas the other terms are assumed constants in Eq. (8.3). Y (t)
and I(t) will attain a steady value after the carbon layer grows beyond a
certain thickness. Accordingly the contamination rate will eventually arrive
at a steady state. The initial contamination rate is predicted to be faster by
this model when the carbon layer is thin before Y (t) and I(t) have reached
their steady state values as shown in the equation below. Assuming that
the thermal desorption of the crackable molecules is ignorable compared to
desorption by ions, photons, and photoelectrons, Eq. (8.3) can be rewritten
as follows.
R(t) =
k
1 + 1C1Y (t)Γi
SΓCxHy
+
C3I(t)
SΓCxHy
(8.4)
where C1 is assumed to be 1.3; S is assumed to be 1. The ion ﬂux, Γi is mea-
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sured by ESA as 5.73× 109 ions/cm2sec at a 450 Hz of pinch repetition rate
with a distance of 0.5 m from the pinch. Assuming hydrocarbon molecules
are mainly methane (CH4) and its partial pressure is 0.1% of the processing
pressure (1 mTorr), ΓCH4 =
1
4
nv = 1
4
(3.29×1016×P (Torr))√(8kBT/pim) =
5×1017molecules/cm2sec [75], where n is molecule density at given pressure
and v is the thermal velocity based on Maxwellian distribution.
A reasonable value of I(t) is found by assuming I(t) = (1 + YPE(t))Φ,
where Φ is the EUV photon ﬂux from z-pinch in our experiment, which can be
estimated from the photodiode measurement in our system. Given EUV pho-
tons are collimated through a 1mm2 pinhole and hitting a photodiode through
a EUV (13.5nm) tuned multilayer mirror with 65% reﬂectivity, the total
charge Q measure by an oscilloscope can be converted into photon ﬂux. Us-
ing known quantum eﬃciency (QE) of the photodiode (∼ 1), the total charge
density generated by the photodiode can be calculated as 2× 10−12 C/mm2
during one pulse. This leads to the photon ﬂux of 2 × 10−12 C/mm2 ×
1 photon/1electron/(1.6× 10−19C), that is 1.25× 109 photons/cm2 onto the
photodiode. This corresponds to 8.65 × 1011photons/cm2sec coming from
the pinch. YPE(t) is the number of photoelectron emitted from Ru surface
by an incoming EUV photon and successfully reaching to the top surface,
which varies along time since contamination thickness grows as time elapses.
The simplest estimation of I(t) is that it exponentially decreases from the
maximum (1 + YPE(0))Φ to minimum Φ. Our best estimation of YPE(0) is
1 by using a photoelectron yield of gold at a similar photon energy of 100
eV [107] and taking into account that the photoelectron yield is aﬀected by
temperature [106]. Fig. 8.8 shows the estimated photon and photoelectron
ﬂux as a function of time. Given the photon ﬂux from EUV source, the
change of photoelectron ﬂux escaping from the carbon layer accounts for the
decay of I(t). I(t) becomes stable around 0.1 million shots. From our mea-
surement at 0.5 million shot, the thickness of carbon layer on Ru is estimated
as several nm. This is in agreement with previous observation by other re-
searchers which showed a transition from fast to slow contamination around
5 nm [106].
With these values and assumptions, the contamination rate predicted
by Eq. (8.4) is shown in Fig. 8.9 with C3 equal to 0.16 and k equal to
11(nm/pulse). This ﬁgure shows the change of contamination rates along
with the elapsed number of shots. The contamination rate starts fast and
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Figure 8.8: The estimated photon and photoelectron ﬂux as a function of
number of shots
then reaches a steady state. The measured contamination rate from Fig.
8.6 is overlayed in the model. The ﬁt is what determines C3 and k. Some
discrepancy may be due to ignoring the thermal desorption in our model and
the calculation of the contamination rate by using pairwise slopes from Fig.
8.6 rather than taking the derivative of a continuous contamination thickness
change with respect to time. The signiﬁcance of Fig. 8.8 and Fig. 8.9 can be
summarized as twofold. One is that the faster contamination rate is caused
by varying sputtering yield and photoelectron intensity in the early stage of
contamination. The other is that contamination reaches steady state after a
certain thickness of carbon builds up and contamination continues. However,
this steady state rate will be higher than what is predicted by only photons
and photoelectrons since there are also energetic ions to crack hydrocarbons
by sputtering on EUV collector optic systems.
8.5 Discussion
In this study, the eﬀect of EUV exposure time on EUV mirrors was inves-
tigated. Four samples were placed in the XTS 13-35 EUV DPP source and
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Figure 8.9: The comparison of the carbon contamination by the model and
the experiment.
each sample was retrieved after certain exposure time. In the system un-
der this investigation, all the samples showed carbon contamination buildup
and reﬂectivity degradation, accordingly, when measured by the NIST EUV
beam line. The results showed that carbon buildup rate changed with ex-
posure time and carbon buildup. In the beginning of contamination, the
contamination occured at fast rate of 7 × 10−5 nm/pulse, but diminished
down to 2× 10−5 nm/pulse as contamination proceeds.
These diﬀering contamination rates are explained by the change in sput-
tering yield of the contaminated mirror surface in conjunction with carbon
contamination thickness allowing Ru photoelectrons to interact with the sur-
face. The ﬁndings in this study will help to understand fast initial carbon
contamination and will aid in improving the lifetime of EUV mirrors by mini-
mizing contamination due to EUV exposure and carbon contamination. Since
energetic ion sputtering is found to be responsible for continued contamina-
tion, it is critical for longer lifetime of the mirror to reduce the energetic
ion ﬂux to EUV mirror surfaces from the perspective of contamination and
surface damage.
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Figure 8.10: The reﬂectivity drop along the number of EUV exposure shots :
the prediction with the carbon contamination alone estimated by our model
(empty circles); the prediction with the Sn residue superposed with the car-
bon contamination (empty triangles); the measured values (solid squares).
Each dashed line indicates the same cleaning cycle.
From the carbon contamination model, we can estimate the amount of
carbon that was deposited during the EUV exposure for the reﬂectivity study
in the previous chapter. Given the cleanliness of our system, carbon depo-
sition takes place roughly with the rate of 7 × 10−5 nm/pulse. With this
rate, the 2400-shot exposure is equivalent to about 0.2 nm carbon deposi-
tion during the usage of EUV system for the reﬂectivity measurement after
each contamination and cleaning step in Chapter 7. This amount of carbon
thickness will account for about 0.5% reﬂectivity drop. Using the carbon con-
tamination model which accounts for the EUV photons and energetic ions,
the continuous decrease of reﬂectivity with increasing number of EUV pulse
is obtained as in Fig. 8.10. The reﬂectivity is the simulated value with the
thickness of carbon predicted by the model and normalized to the original Ru
surface. Every EUV reﬂectivity measurement will add more carbon on the
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surface due to the cleanliness of our system and lead to the reﬂectivity loss.
As such, we can consider the increasing carbon contamination over exposure
to explain the gradual small decrease in reﬂectivity during the cleaning cycles
in Fig. 7.6.
However, it turned out that the reﬂectivity drop directly caused by carbon
buildup alone was insuﬃcient to explain the extent of the reﬂectivity loss in
Fig. 7.6. In Fig. 8.10, the prediction by carbon contamination alone shows
somewhat similar trend of the gradual reﬂectivity loss along the exposure
time. However, there is a signiﬁcant disagreement with the measured reﬂec-
tivity loss. Especially, there is more loss by the contamination process. Two
dashed lines connecting the measured values indicate the separate cleaning
cycles. This proposes that the combination of small amount of Sn residue
and carbon deposit is attributed to the gradual reﬂectivity degradation of the
mirror surface. Given the poor cleanliness of the system, Sn compounds can
be formed during the contamination process or the reﬂectivity measurement
process. The Sn compounds are not likely to be cleaned eﬃciently by the
cleaning process so that they will slow down the cleaning or even stop the
subsequent surface reactions. Considering the Sn residue amount deduced
from the previous AES result in Chapter 7, a better prediction closer to the
measurement can be obtained as shown in Fig. 8.10. The empty triangles
show the reﬂectivity loss by the Sn and the dashed lines are the superposed
reﬂectivity drop by additional carbon deposition. The discrepancy compared
to the measurement can be explained by the reﬂectivity loss in the oxide ﬁlm
which is not included in our model.
From the discussion above, it is shown how critical the system's clean-
liness is for the successful cleaning. Despite the carbon-induced Sn residue
is less likely an issue in a cleaner environment, the potential interference
of carbon contamination with cleaning process is worthwhile to note. The
insight obtained in the carbon contamination study explains the limited suc-
cess of the reﬂectivity recovery in our system and provides a conﬁdence of
the success of this technique in a clean environment.
118
Chapter 9
Plasma Transport in Collectors
This chapter discusses the theory of plasma transport between the shells and
the resulting cleaning rates of Sn at diﬀerent locations in the collector.
9.1 Ambipolar diﬀusion in a negative plasma
Microscopically, plasma can be described using the Boltzmann equation:
∂f(r, v, t)
∂t
+ v · ∇rf(r, v, t) + F
m
· ∇vf(r, v, t) = ∂f(r, v, t)
∂t
|c (9.1)
, where f(r, v, t) is a distribution function in the six-dimensional phase space,
i.e. 3-dimensional positions and 3-dimensional velocities. F is the force ex-
erted on the species, therefore, F
m
is the acceleration of the species. The term
on the right-hand side of Eq. (9.1) accounts for the interspecies collisions in
plasma. If this term is ignored in Eq. (9.1), the equation is called as Vlasov
equation.
Instead of using the complex Boltzmann equation, plasma can be de-
scribed macroscopically. This is done by averaging the distribution function
over the velocity space and using the average quantity, i.e. the species den-
sity. The macroscopic version of the Boltzmann equation can be written as
the following continuity equation:
∂n
∂t
= −∇ · Γ + (generation)− (loss) (9.2)
, where Γ is the species ﬂux. Eq. (9.2) simply tells that the rate of change
of the species density results from the ﬂux ﬂowing in and out of the volume
and the particle generation and loss in the volume.
According to Fick's law, the particle ﬂux is simply governed by a gradi-
ent of the species density. The ﬂux and the density gradient are correlated
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through diﬀusion coeﬃcient. In a plasma, which is the collection of electrons
and ions, the electrons and ions have diﬀerent diﬀusion coeﬃcient mainly due
to their diﬀerent masses. The electron's diﬀusion coeﬃcient is much larger
than ion's since ions are much more massive. Therefore, the electrons will
diﬀuse out to the wall more. The resultant unbalance between the electron
and the ion density creates the space-charge electric ﬁeld, Es. This space-
charge electric ﬁeld will keep the ﬂux of electrons and ions equal to prevent
the charge build up. With the space-charge electric ﬁled, the ﬂuxes can be
expressed as follows:
Γq = −Dq∇nq + µqnqEs (9.3)
, whereDq and µq are the diﬀusion coeﬃcient and the mobility for the species,
q, respectively. They can be found as
Dq =
kTq
mqνm
(9.4)
µq =
q
mqνm
(9.5)
The units for the diﬀusion coeﬃcient and the mobility are m2/s and
m2/V s, respectively. Note that the sign of the mobility changes along the
species. Then the ﬂux of each species can be written as
Γe = −De∇ne − µeneEs (9.6)
Γ− = −D−∇n− − µ−n−Es (9.7)
Γ+ = −D+∇n+ + µ+n+Es (9.8)
The subscripts e, -, and + stand for electrons, negative ions, and positive
ions, respectively. In this study, negative and positive ions are present in the
chlorine plasma. As such, the existence of the negative ions will also aﬀect
the space-charge electric ﬁeld.
Since Γe + Γ− = Γ+, there will be no charge accumulation in the plasma
and the space-charge electric ﬁeld Es in electronegative plasma can be ob-
tained as
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Es =
(De∇ne +D−∇n− −D+∇n+)
(µene + µ−n− + µ+n+)
(9.9)
By putting Eq. (9.9) back into Eq. (9.15), Eq. (9.7) and Eq. (9.8), the
ambipolar diﬀusion coeﬃcient for electrons (Dae), negative ions (Da−), and
positive ions (Da+) can be calculated respectively. In order to simplify the
resultant ambipolar diﬀusion coeﬃcient, we assume that all the species in
the Boltzmann equilibrium [108, 109] , i.e.
γ
∇ne
ne
=
∇n−
n−
=
∇n+
n+
(9.10)
, where γ ≡ Te/Ti.
Then,
Es =
(De + γαD− − γ(1 + α)D+)
(µe + αµ− + (1 + α)µ+)
∇ne
ne
(9.11)
, where α ≡ n−/ne is the electonegativity.
For the sake of simplicity, we can also assume that all the negative ions
are Cl− and all the positive ions are Cl+2 so that D− = 2D+ and µ− = 2µ+.
Usually, as much as 70-95% of molecular chlorine can be dissociated to atomic
chlorine in ICPs as a result of the large electron density and high electron
temperature [110], and consequently more Cl+ is present. Using a low power
ICP as in this investigation, however, the density of Cl+2 can be larger due to
a lower degree of dissociation [110]. The ambipolar diﬀusion coeﬃcients for
the electrons, the negative ions and the positive ions are then summarized as
Dae =
µe(2De + γ(α− 1)D+) + µ+(1 + 3α)De
µe + (1 + 3α)µ+
(9.12)
Da− =
µe(2D+)γ + 2µ+(4γαD+ +De)
µeγ + (1 + 3α)µ+γ
(9.13)
Da+ =
µeD+γ + µ+(2γ(α + 1)D+ −De)
µeγ + (1 + 3α)µ+γ
(9.14)
And the resulting ﬂux equations are
Γe = −Dae∇ne (9.15)
Γ− = −Da−∇n− (9.16)
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Γ+ = −Da+∇n+ (9.17)
9.2 Electron continuity equation in chlorine
plasma
In order to solve the continuity equation, the generation and the loss terms
are now considered. The following key reactions show how the species are
generated and lost.
e+ Cl2 → Cl+2 + 2e (9.18)
e+ Cl→ Cl+ + 2e (9.19)
e+ Cl2 → e+ 2Cl (9.20)
e+ Cl2 → Cl + Cl− (9.21)
e+ Cl− → Cl + 2e (9.22)
e+ Cl2 → e+ Cl− + Cl+ (9.23)
e+ Cl2 → 2e+ Cl + Cl+ (9.24)
Cl+ + Cl− → 2Cl (9.25)
Cl+2 + Cl
− → Cl2 + Cl (9.26)
In (9.18), the rate coeﬃcient for Cl2 ionization is kCl2,iz.
In (9.19), the rate coeﬃcient for Cl ionization is kCl,iz.
In (9.20), the rate coeﬃcient for collisional dissociation is kdis.
In (9.21), the rate coeﬃcient for dissociative attachment is katt.
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Table 9.1: Summary of the rate coeﬃcients used for the electron continuity
equation in this study.
In (9.22), the rate coeﬃcient for electron impact detachment is kdet.
In (9.23), the rate coeﬃcient for ion pair production is kpair.
In (9.24), the rate coeﬃcient for dissociative ionization is kdis,iz.
In (9.25), the rate coeﬃcient for recombination to Cl through charge
neutralization is kCl,rec.
In (9.26), the rate coeﬃcient for recombination to Cl2 through charge
neutralization is kCl2,rec.
Most of the critical rate coeﬃcients of electron impact reactions used in
this study are found in Kurepa and Belic's measurement of electron-chlorine
molecule total ionization [111], and electron attachment cross sections and
the resulting empirical equations in Ashida and Lieberman's [112]. Other
rate coeﬃcients are from elsewhere: one for the collisional dissociation from
the cross reference in [113], one for the electron impact detachment from
[113] and one for the Cl ionization from [114, 115]. And the rate coeﬃcient
for the charge neutralization are from [116]. Table 9.1 summarizes the rate
coeﬃcients for the major reactions considered in this investigation.
Given those reactions considered above and the ambipolar diﬀusion, the
continuity equations of the positive ions (Cl+ and Cl+2 ) and negative ions
(Cl−) for the steady state can be written as
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−∇ · (Da+,Cl+∇nCl+) = kCl,iznClne + (kpair + kdis.iz)nCl2ne − kCl,recnCl+nCl−
(9.27)
−∇ · (Da+,Cl+2 ∇nCl+2 ) = kCl2,iznCl2ne − kCl2,recnCl+2 nCl− (9.28)
−∇·(Da−∇nCl−) = (katt+kpair)nCl2ne−kCl,recnCl+nCl−−kCl2,recnCl+2 nCl+−kdetnenCl−
(9.29)
Assuming that kCl,recnCl+nCl− and kCl2,recnCl+nCl− are negligible and
∇n+ = ∇nCl+ + ∇nCl+2 , the summation of Eq. (9.27) and Eq. (9.28) re-
sults in the total positive ion continuity equation
−∇ · (Da+∇n+) = kCl,iznClne + (kpair + kdis.iz)nCl2ne + 2kCl2,iznCl2ne
= [kCl,iznCl + (kpair + kdis.iz + 2kCl2,iz)nCl2 ]ne
(9.30)
where Da+,Cl+2 =
1
2
Da+,Cl+ ≡ Da+ since 2mCl+ = mCl+2 .
Subtracting (9.29) from (9.30) results in
−∇ · (Da+∇n+ −Da−∇nCl−)
= [kCl,iznCl + (kpair + kdis.iz + 2kCl2,iz)nCl2 − (katt + kpair)nCl2 + kdetnCl− ]ne
= [kCl,iznCl + (kdis.iz + 2kCl2,iz − katt)nCl2 + kdetnCl− ]ne
(9.31)
Using Γ+ = Γe + Γ−, i.e. −Da+∇n+ = −Dae∇ne −Da−∇nCl− ,
−∇·(Dae(∇ne)) = [(kdis.iz+2kCl2,iz−katt)nCl2+kCl,iznCl+kdetnCl− ]ne (9.32)
Since the generation term through electron impact detachment with neg-
ative ions, kdetnCl− is orders of magnitude smaller than other terms in the
bracket due to a typical low ionization fraction and the neutral densities are
assumed uniform, Eq. (9.32) can be rewritten as
−∇· (Dae(∇ne)) = [(kdis.iz +2kCl2,iz−katt)nCl2 +kCl,iznCl]ne = ν¯izne (9.33)
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Figure 9.1: A schematic drawing to show the coordinate and its origin for the
two-dimensional density proﬁle. ne0 is the volumetric electron density in the
plasma region and d is the gap width between two plates. x is the direction
of transport depth, and y is the direction of gap width between two plates.
, where ν¯iz = (kdis.iz + 2kCl2,iz − katt)nCl2 + kCl,iznCl. The ν¯iz is the average
eﬀective ionization frequency over volume, which can be treated as a constant
for a given electron temperature and gas pressure.
By the means described above, the continuity equation of the electron is
obtained in a simple form without being coupled with other charged species
density from a variety of reactions. This will make it possible to solve the
continuity equation analytically.
9.3 Plasma density proﬁle in the shells
During the cleaning of Sn debris on the grazing incidence mirror surfaces in
DPP EUV source in this study, the plasma generated outside of the mir-
ror will propagate into the gap between the mirror shells. For the sake of
simplicity, we consider only 2 dimensions (gap width and distance from the
shell entrance) in the Cartesian coordinate. Suppose that plasma transports
between two parallel plates perpendicular to the y axis with a gap width d
as shown in Fig. 9.1. The plasma is generated in the region of x < 0. The
origin (x = y = 0) indicates the center of the entrance for two plates, i.e.
collector shells. This simpliﬁed geometry is insuﬃcient to precisely describe
the real geometry of the Wolter type mirrors. Nevertheless it is good enough
to investigate how deeply plasma will diﬀuse into the shells and how the gap
width between the shells aﬀects the plasma diﬀusion.
When Dae is independent of the position in Eq. (9.33), the 2-dimensional
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electron density proﬁle can be obtained using a separation of variable method
such that
ne(x) = ne0cos(
pi
d
y)e−
x
λ (9.34)
where ne0 is the electron density at x=0 and y=0, i.e. the electron density at
the center of the entrance of two plates. The ne0 can be estimated through a
global power balance model or can be measured in the plasma source region
outside of the plates. The ne0 is considered the volumetric average value of
the electron density in the plasma generation region outside of the two plates.
λ is the diﬀusion length to x direction and is found to be d/
√
pi2 − ν¯izd2
Dae
. Hence, the diﬀusion length is a function of the gap width and is found to
linearly increase with the gap width under conditions investigated. In other
words, plasma can diﬀuse deeper into the plates when the plates are more
apart from each other.
Once we have the electron density proﬁle as in Eq. (9.34), the positive ion
density and the negative ion density appear to be obtainable simply using
the electronegativity, α and charge neutrality. That is,
n− = αne (9.35)
n+ = (1 + α)ne (9.36)
These solutions are consistent well within our assumption about the spa-
tial distribution of each species as given in Eq. (9.10). Nevertheless, this
simple model is not enough to show the conﬁnement of the negative ions
in the core region as well as the positive ion density at the wall. In an
electronegative plasma, the electronegative core and the electropositive edge
exist [109]. The ambipolar ﬁeld developed by three species (electrons, pos-
itive ions, and negative ions) conﬁnes the low temperature (i.e. low kinetic
energy) negative ions in the core region. In contrast to the conﬁnement of
the negative ions, the electrons have a uniform density in the electronegative
core due to their higher temperature, i.e. higher kinetic energy. Fig. 9.2
shows the positive ion, negative ion, and electron densities versus the posi-
tion for a plane parallel electronegative plasma as discussed by Lieberman
and Lichtenberg using their parabolic model [93, 109]. In their model, α
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Figure 9.2: The species proﬁles as discussed by Lieberman and Lichtenberg.
In an electronegative plasma, the negative ions are conﬁned in the core region
by space charge electric ﬁeld (Reprint from Lieberman and Lichtenberg).
decreases with the distance from the plasma center and becomes zero at the
entrance of the electropositive region.
In our model, α is ﬁrst treated as a constant all over the regions. The
positive ion, negative ion, and electron densities versus the position for a
plane parallel electronegative plasma are shown in Fig.(9.3)(a). The d is the
gap width between two parallel plates and the sheath thickness is ignored
in our proposed model. Our ﬁrst model does not show such stratiﬁcation as
shown in Fig. 9.2. Nevertheless, we can improve it by rectifying its deﬁciency
so that it provides suﬃcient insights of ion density proﬁle change, which is
critical for etch rate prediction.
There are two deﬁciencies in our model. First, the ion density at the wall
should not be zero so that we have some impinging ions to the wall. Second,
the conﬁnement of the negative ion towards the core region is not described.
In order to contain those aspects, we need to modify the electron density
proﬁle and the negative ion density proﬁle derived from our model .
According to our ﬁrst model, the ion density at the collector shell is zero
following the electron density, which is not real. In order to consider the
non-zero ion density at the collector shell, we propose to modify the electron
density proﬁle using extrapolation distance as
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Figure 9.3: (a) The model developed in this study to show the electronega-
tive plasma proﬁle simply from the electron diﬀusion model and the charge
neutrality (b) The model improved by assuming the extrapolation distance
and considering the negative ion conﬁnement.
ne(x, y) = ne0cos(
pi
d+ 2dextrapolation
y)e−
x
λ (9.37)
where dextrapolation is the imaginary distance beyond the plasma region at
which the electron density is assumed to vanish. By this means, the ion
density predicted from our model can be close to the real density at the
collector shell (y = d/2). However, in the sheath region which is not shown
in Fig. (9.3), the electron density can be described more accurately by the
Boltzmann relation
ne(y) = nes exp[Φ(y)/Te] (9.38)
where Φ(y) is the potential drop from the sheath boundary. nes is the electron
density at the sheath boundary which is equal to the ion density at the sheath.
The density of species at the sheath boundary can be estimated from the
density at the plasma center by using the ratio hR which is the ratio of the
electron density at the radial directional sheath to the density at the center,
and can be roughly estimated in a inﬁnite cylindrical geometry as [117]
hR =
n(R)
n(0)
≈ 0.8/
√
(4 +
R
λmfp
) (9.39)
where R is the radius of the cylindrical geometry and λmfp is the mean free
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path.
In the grazing incidence mirror geometry, the value of hR may be diﬀerent
from what is estimated by Eq. (9.39). However, we believe that Eq. (9.39)
provides a close estimate to hR ratio in the collector shells. In that case,
radius R can be replaced by the half of the gap width, d/2.
The extrapolation distance, dextrapolation can be estimated from Eq. (9.39).
n(0, d/2) = hRn(0, 0)
ne0cos(
pi
d+ 2dextrapolation
· d
2
) = hRne0
dextrapolation =
pi − 2 arccos(hR)
4 arccos(hR)
d (9.40)
As such, the extrapolation distance is a function of the gap width and
the mean free path or pressure. Utilizing the concept of the extrapolation
distance enables us to have a more realistic electron or ion proﬁle while
adhering to our ﬁrst approach to start from the basic diﬀusion principle.
The negative ion density proﬁle can be modiﬁed in such a way to show the
stratiﬁcation in electronegative plasma. The negative ions are easily conﬁned
in the core region by the space charge ﬁeld because of their low temperature.
That is, there is a region where no negative ions exist in the proximity of wall.
The exact thickness of this region is not known but we can choose it in such
a way that positive ions are accelerated to Bohm velocity in the pre sheath
region (between y = L/2 to d/2 in Fig. 9.3(b)). In the pre-sheath region,
the electric ﬁeld to accelerate the positive ions will prevent the negative ions
from being present in the region.
The negative ion density proﬁle is then modiﬁed to
n−(x, y) = αne0cos(
pi
L
y)e−
x
λ (9.41)
where L is the thickness of the electronegative region between two parallel
plates.
In an electronegative plasma, the Bohm velocity is known to be changed
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to a new Bohm velocity, u′B [117]
u′B =
√
eTe(1 + αs)
M(1 + αsγ)
= uB
√
1 + αs
1 + αsγ
(9.42)
However, in our modiﬁed model, the electronegativity at the sheath bound-
ary, αs is zero so that the usual Bohm velocity can be used. Along the y
direction, in the space with electrons and positive ions only (the electropos-
itive or pre sheath region), the positive ions are accelerated to the wall with
the velocity greater than the Bohm velocity (uB=
√
eTe/M). By equating
the Bohm ﬂux, n+(d2)uB to the positive ion's diﬀusion ﬂux at y = L/2, we
can estimate the entire thickness of the electronegative region L from
−Da+dn+(y)
dy
|y=L/2= n+(d
2
)uB (9.43)
Since n+ = ne + n− in the electronegative region, we use the sum of
Eq. (9.37) and Eq. (9.41) for the left hand side of Eq. (9.43). For the
right hand side, we simply use Eq. (9.37) for the positive ion density proﬁle
since the positive ion density is equal to the electron density (i.e. n+ = ne)
in the electropositive region. With some rearrangement, we can obtain the
expression
sin(
pi
d+ 2dextrapolation
· L
2
) + α
d+ 2dextrapolation
L
=
d+ 2dextrapolation
L
· uB
Da+
· cos( pi
2d+ 4dextrapolation
· d)
(9.44)
Eq. (9.44) can be solved numerically and the result shows the thickness
of electronegative region proportional to the gap width.
After the electron density proﬁle and the ion density proﬁle are set up in
the above ways, the positive ion density is simply the summation of the elec-
tron density and the negative ion density according to the charge neutrality
except within the sheath region. The resulting positive ion density proﬁle
is shown in Fig. 9.3(b). The modiﬁed proﬁles show similar trends with the
model assumed by others with the simulation result [93, 109]. In particular,
our model becomes very similar to the model with a uniform electron density
in the electropositive region when α is large, i.e. n−  ne. Our modiﬁed
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Figure 9.4: The positive ion density along y direction at diﬀerent distance
from the entrance of the shells with 10cm gap width.
model describes the proﬁles of electrons, positive ions and negative ions in
the two regions: electronegative region and electropositive (pre-sheath) re-
gion. It has a signiﬁcance that our model is derived from the ﬁrst principle
with some reasonable modiﬁcations rather than from the initial assumptions
of diﬀerent proﬁles in each region.
Due to the intentional modiﬁcation, however, our model becomes not
self-consistent in the assumption of the spatial distribution in Eq. (9.10).
Yet, this issue can be ignored since the pre-sheath and sheath regions are
smaller compared to the core region. In most of the regions in plasma, our
assumption is roughly valid. Fig. 9.4 shows the positive ion proﬁle along the
y direction produced by MATLAB based on our analytic model of plasma
transport. Diﬀerent color lines show the diﬀerent distance from the collector
entrance. It is shown that the density drops as the distance increases. The
stratiﬁcation due to negative ion conﬁnement in the core region is seen as
well. Fig. 9.5 shows the same positive ion density in a 10-cm gap along the
x and y direction in 3-D plot.
Exploring the electrons, the positive ions and the negative ions density
provides much insights of chlorine plasma containing negative ions. Never-
theless, it is the positive ion density at the shell surface that is needed to
predict the removal rate of Sn from the surface. Due to the negative ion con-
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Figure 9.5: The positive ion density in a 10-cm gap along x and y direction
shown in 3-D plot.
Figure 9.6: The positive ion density in the shells with the diﬀerent gap width
along the distance from the collector entrance. Note the positive density is
in log scale.
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ﬁnement in the core, the charge neutrality at the sheath boundary is simply
ne = n+. Utilizing hR ratio, therefore, we can simply estimate the positive
ion density at the sheath boundary from the electron density at the center
axis. Fig. 9.6 shows the positive ion density at the surface along x direction
in a linear-log plot as predicted by our analytic model. Diﬀerent color lines
indicate the proﬁles with diﬀerent gap width. As shown in the ﬁgure, plasma
diﬀuses longer or deeper with larger gap width. From this view, it is likely
diﬃcult to remove Sn from the shells with small gap.
9.4 Sheath in gaps
As described previously, the plasma density decays exponentially along the x
direction as the plasma is lost to the collector shells. Of great importance is
that the smaller gap makes the diﬀusion length shorter, thus implying that
there is less plasma penetration in smaller gaps. Another important aspect of
decaying plasma density in the shells is the change of the sheath thickness as
investigated by Lieberman et al [118]. Less plasma density results in the loss
of space charge and accordingly the increase of the plasma sheath thickness
s. By using the well-known collisonless Child law of space-charge limited
current [117] and the ion current to the collector shell J0 = ensuB, we can
obtain the sheath thickness as
s =
√
4
9
0(
2
eM
)1/2
V
3/2
0
nsuB
(9.45)
where V0 = Vplasma − Vbias is the potential across the sheath and uB =√
eTe/M is the Bohm velocity. We used 20 V for the plasma potential
Vplasma as measured in our chlorine plasma with a Langmuir probe. Kharter
and Overrzet reported the plasma potential of the chlorine plasma as 15±5V
in their intensive measurement [110]. The ns is the positive ion density at the
sheath edge and it can be approximated as hRne0 since the electron density
is equal to the positive ion density in the pre sheath. The ne0 is the electron
density at the center between two shells.
Fig. 9.7 shows how the sheath thickness varies with the bias voltage
and the plasma density according to Eq. (9.45). When the surface is more
negatively biased, the plasma sheath potential is increased and the plasma
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Figure 9.7: The sheath thickness vs. the electron density when the diﬀerent
bias voltage is applied. Note the electron density is in log scale.
sheath gets thicker. Also, when the plasma density is lower, the plasma
sheath gets thicker. We know the plasma density decreases along the distance
from the entrance of collector from the previous discussion. This indicates
that the sheath thickness inside of the collector is not uniform but grows
with the distance from the entrance of the collector. The change of the
sheath thickness does not aﬀect the etching until the sheath thickness grows
as much as half of the gap width. Once the sheaths from both plates ﬁll
the gap, plasma is pinched off by the sheath and the density proﬁle will
not follow the exponential decay. Thorough discussion about this pinch-oﬀ
during plasma transport in slot can be found in Lieberman et al [118].
Fig. 9.8 shows the sheath thickness along the distance from the entrance
of collector. These plots are obtained by plugging the ion density predicted
by our model into Eq. (9.45). Four cases with the gap width of 1 cm, 4 cm,
7.5 cm and 10 cm were simulated and plotted as solid lines. The dotted lines
correspond to half of the gap width. Therefore, the intersections between the
solid line and the dotted line in the same color indicate the distance from
the entrance of collector where the pinch-oﬀ expectedly occurs. From the
simulation, it is shown that the pinch-oﬀ distance decreases with the gap
width. With small gap width, plasma will be pinched oﬀ by the sheaths and,
therefore, it is less likely for the plasma to transport deeper into the collector.
This implies that cleaning Sn from the small gap might be limited by the
small diﬀusion of plasma and short pinch-oﬀ distance.
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Figure 9.8: The sheath thickness along with the distance from the collector
entrance. The intersections of the dashed line and the solid line of the same
color indicate the pinch-oﬀ distances.
9.5 Cleaning rates prediction
9.5.1 The model with reactive ion etching alone
By combining the analytic models of surface reaction and plasma transport,
we can predict the Sn cleaning rates using a chlorine plasma in a nested
collector geometry. The same coeﬃcient Yd and Ya as in Chapter 4 were
used for etch rate calculation. But the ion density and the chlorine radical
density were changed properly according to the XTS EUV source system
with diﬀerent geometry and gas ﬂow. The electron density measured in the
plasma generation region by Langmuir probe without bias on the mock-up
is about 9 × 109/cm3 and considered as the averaged electron density in
the volume between the ICP coil and the entrance of collector. This value
will serve as the density at the origin between the shells, ne0. The electron
temperature of 3 eV is used as measured by a Langmuir probe. By this
means, some discontinuity around the entrance of collector (x=0) will exist.
Nevertheless, we will ignore this issue because it is not that critical with the
rest of the density proﬁle used for the etch rate prediction. We will assume
that the density at x<0 is tailored to match the the density at x=0. As for the
135
Figure 9.9: The model prediction for Sn cleaning not including the eﬀect of
chlorine radicals vs. the experimental measurements : (a) for 1 cm gap width
(b) for 4 cm gap width (c) for 7.5 cm gap width (d) for 10 cm gap width.
etchant density, nCl, it is assumed to be proportional to the gap width. The
poor conductance will lead to the delivery of less etchant through the gap.
Given the input values, our analytical model can predict the cleaning rates
along the distance from the collector entrance under diﬀerent gap width.
Fig. 9.9 shows the cleaning rate predictions and the experimentally mea-
sured values with diﬀerent gap widths in the collector shells. The predictions
were obtained by ignoring any chemical eﬀect of the chlorine radicals on the
removal. Overall, the predictions follow the measured values but with large
discrepancy. Note that there is no experimental data available for the case
of 1 cm gap width. The cleaning rates decrease with the gap width and the
distance from the collector entrance as discussed earlier. According to the
prediction by this model, it is less likely to clean Sn debris from the shells
with a small gap width (1 cm). For the gap width of 4 cm, 7.5 cm and 10 cm,
however, it would be possible to clean Sn within a certain depth of collector
as the model and the measurements show. With 4 cm and 10 cm gap widths,
Sn is cleaned at a distance as far as 10 cm. Beyond that distance the sam-
ples are not cleaned in the conﬁguration investigated. This is because of the
unfavorable gas ﬂow due to asymmetric pumping ﬂow. The locations with
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4 cm gap and 10 cm gap are close to the turbo pump position. The pump
is opened at the nearby the collector entrance so that the etchant gas likely
penetrates the gap to a small extent rather than ﬂow through to the rear exit
of the collector. On the other hand, the location with 7.5cm gap is placed at
the opposite side of the pump. This will result in less amount of the etchant
loss and more penetration into the gap. For that reason, more cleaning oc-
curs throughout the entire locations along the distance from the collector
entrance. As discussed earlier regarding the surface morphology change, the
results stress the importance of gas ﬂow direction and gas conductance.
Despite the large error bars for cleaning rate measurements, the measure-
ments indicate larger cleaning rates than the predictions by our model in
overall. The measurement error is inherently large mostly due to the uncer-
tainty of Sn depth change reading in proﬁlometry as well as the variation
of plasma conditions in each run. To explore the reason for this discrep-
ancy, we take into account some important aspect of plasma-Sn interaction
particularly at low plasma density.
9.5.2 The model including the chlorine radical eﬀect
From our discussion of the plasma transport, we learn that the plasma dif-
fusion length depends on the gap width between the shells and the pinch oﬀ
distance. Based on those perspectives, it is less likely that the plasma can
transport into the shells as far as the rear exit of the collector with the gap
width investigated. However, the measurement of Sn cleaning with 7.5 cm
gap shows a non-negligible removal. Thus, we suppose that pure chemical
etching by chlorine radical is responsible for this small but non-ignorable
removal. From this reasoning, our model is modiﬁed by putting a certain
value for Kd, which was previously ignored for the etch rate prediction in the
GALAXY system. When the etching by plasma is large and dominant, i.e.
plasma density is large, ignoring Kd makes little eﬀect on the resulting etch
rate. But when the plasma density gets small as decaying in the collector
shells like in the system under investigation, the pure chemical etching eﬀect
becomes more signiﬁcant. This consents the observation by Lee et al that
at low chuck bias voltage the etch rate uniformity is correlated with radical
uniformity by Lee et al [119]. From the cleaning rate at the distance of 22 cm
with 7.5 cm gap, the portion of pure chemical etching by chlorine radical can
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Figure 9.10: The model predictions for Sn cleaning including the chlorine
radicals eﬀect vs. the experimental measurements : (a) for 1 cm gap width
(b) for 4 cm gap width (c) for 7.5 cm gap width (d) for 10 cm gap width.
be obtained. Taking into account this chemical etching by chlorine radical
alone, our predictions of cleaning are shown in Fig. 9.10.
Given the large error bar, our model that includes the chlorine radical
eﬀect on removal results in better prediction close to the measurement in
Fig. 9.10. Yet, with the gap width of 4cm and 10cm, the measured cleaning
rates are much smaller than the model predictions at further locations (16
cm and 22 cm) from the entrance of the collector. This means that the
chlorine radical densities at those locations are much smaller than those at the
entrance of collector. This unbalanced chlorine radical distribution is mainly
understood from the locations with regard to the turbo pump location. The
locations with 4 cm and 10 cm gap are very close to the turbo pump gate
valve. As a matter of fact, the valve opens at the vicinity (tens of mean free
path) of the collector entrance. The chlorine radicals created outside of the
collector will be likely pumped out instead of ﬂowing throughout the gap.
The radicals are neutral so that they are free from any electric ﬁeld. Some
chlorine radicals are newly generated in the collector by the diﬀused species
through the electron-gas interactions given in Table.9.1. With the gap width
of 7.5 cm, however, the chlorine radicals are less interrupted by pumping ﬂow
138
since the location is far (hundreds of mean free path) from the pump and
obscured by the mock-up collector. As a result, a considerable amount of Sn
can be removed even at the furthest location from the plasma source side.
According to the model, one favorable prediction shown in Fig. 9.10 (a)
implies that Sn can be removed even with the smaller gap width, e.g. 1 cm
given that the suﬃcient chlorine radicals are made to ﬂow through the gap
without much loss. Note that the real removal in such a small gap might
be lower than the model prediction due to redeposition under poor pumping
ﬂow. However, it is promising to see the eﬀect of chlorine radicals, which are
probably beneﬁcial to remove Sn from where ions cannot enter.
9.5.3 The model including the chlorine radical and the
pumping eﬀects
In order to include the pumping eﬀect on our model prediction, it is proposed
that the etchant gas density will fall oﬀ exponentially from the entrance. It is
assumed that the fall oﬀ distance depends on the gap width since the chlorine
radical loss is due to the wall recombination. The fall oﬀ distance Λ can be
written as
Λ = C1 · d
γ
(9.46)
where d is the gap width and γ is the wall recombination coeﬃcient. The
coeﬃcient C1 accounts for the distance change due to pumping ﬂow. The
radical ﬂow will be aﬀected by pumping: in the gap which is close to the
pump position, the radical will fall oﬀ more quickly than in the gap which is
hardly aﬀected by pumping ﬂow.
Based on this assumption, the model was corrected by including the vary-
ing chlorine radical density eﬀect. Fig. 9.11 shows the ﬁnal predictions using
the model with the inclusion of chlorine radicals and pumping eﬀecs. The
agreement between the prediction and the measurement is reasonably good.
The result explains why the removal is less even in the shells with larger
gap width. It is shown that the pump location has a signiﬁcant eﬀect on
the cleaning results. For this prediction, the C1 value of 0.3, 1, and 0.4 was
used for the gap width of 4 cm, 7.5 cm and 10 cm, respectively according to
the location of the gap with respect to the pump. The wall recombination
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coeﬃcient was assumed to be 0.1.
The ﬁnal model, considering the chlorine radicals and the pumping eﬀects,
details that it is important to take into account the pumping ﬂow, chlorine
radical transport as well as plasma transport. With the small gap width,
it is possible to remove the Sn with chlorine radicals even though plasma
penetration is not suﬃciently deep. However, the radical can be easily lost
through wall recombination. In order to utilize the radicals for cleaning in
the deep region, therefore, one needs to carefully consider to minimize the
radical loss.
The agreement between the model and the measurement further implies
that without the radical ﬂow disturbance by pump, it would be possible to
remove Sn in the deep region with success. The model will successfully pre-
dict the amount of the Sn removal in the shells with small gaps although
there is no available experiment data to verify. According to the model, Sn
can be removed in the small gaps as long as the chlorine radical is deliv-
ered. The slow cleaning rate by chlorine radical may be acceptable since the
contamination is expected to be also small in those area.
9.6 Discussion
As discussed above, the combination of the experimental study and the mod-
eling study provides several important insights in Sn cleaning from the col-
lector shells through plasma etching. First, Sn removal is mostly governed
by the plasma density: where there is more plasma, the Sn removal is faster.
Plasma, more speciﬁcally ions, will enhance the reaction between Sn and
chlorine. The plasma transport through the shell gap was successfully in-
vestigated and understood. Secondly, Sn can also be removed with chlorine
radical alone. Despite the small extent, Sn can react with chlorine radical
and be removed in the form of a volatile product without ions. This is a
promising aspect in some sense since we will require the EUV mirrors to be
cleaned after a couple of nm Sn debris buildup to keep the EUV light out-
put. During the normal operation, therefore, only a few nm of Sn needs to be
cleaned. But the abnormal conditions can happen when the normal clean-
ing fails or the debris mitigation techniques malfunctions such that thick
Sn debris will build up. Cleaning with chlorine radicals in that abnormal
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case will be discussed more later. Lastly, pumping has a signiﬁcant eﬀect on
the cleaning result since it mainly aﬀects the chlorine radical distribution.
By including the pumping eﬀect in our model, the prediction showed the
most agreement with the measurements done in asymmetric pumping envi-
ronment. This observation suggests that one needs to carefully consider the
pumping ﬂow when designing a cleaning system.
To further investigate the plasma-based Sn cleaning developed in this
study, a remote cleaning method and the Sn contamination in the DPP
collector will be discussed. Then, by proposing a way to integrate the cleaning
technique in the EUV source system, how the cleaning model can be useful
will be discussed.
9.6.1 Remote plasma cleaning
A remote plasma system is widely used to utilize radicals without involving
ions. By this means, any ion-induced eﬀects can be prevented such as sput-
tering, surface damage or implantation. However, the cleaning rate without
ions would be slower than with ion's surface reaction enhancement. The
model developed previously can be used to predict the amount of Sn that
can be cleaned by chlorine radical alone. Utilizing the same reaction rates
of surface reaction as used when the cleaning of the collector was predicted,
the removal by remote plasma is estimated at least 30 times slower than by
reactive ion etching.
30 ERremote plasma < ERreactive ion etching
Probably due to this slow cleaning rate, cleaning with remote plasma is
expected to be ineﬀective for fast and in situ cleaning. We investigated how
the two techniques work as a method for cleaning micro-sized Sn particles. Ru
samples were ﬁrst contaminated by micro-sized Sn particles through the laser
ablation of the solid Sn in the XTS EUV source system. The Nd:YAG laser
hit the electrode of the XTS system during the pulsing z-pinch process. The
electrode was newly designed and made of solid Sn for this study. Therefore,
the ablated Sn particles from the electrode will be mixed into the z-pinch
plasma and spread out to the whole system.
The contaminated samples were cleaned using two diﬀerent methods; re-
mote plasma for chlorine radical cleaning and inductively coupled plasma
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Figure 9.12: Comparison of plasma cleaning methods with 20 mTorr chlorine
gas for 10 min. : (a) the micro-sized Sn particles contamination through laser
ablation (b) the sample after remote plasma cleaning and (c) the sample after
ICP RIE cleaning.
(ICP) for reactive ion etching (RIE). For remote plasma cleaning, a sepa-
rate glass ICP chamber was attached to the XTS EUV source system. For
ICP, the internal RF coil used for the mock-up collector cleaning was uti-
lized. Fig. 9.12 shows the SEM pictures of the contaminated sample and the
cleaned samples by each method: (a) the micro-sized Sn particles contamina-
tion through laser ablation (b) the sample after remote plasma cleaning and
(c) the sample after ICP RIE cleaning. The etchant pressure was 20 mTorr
for both case and the cleaning time was ﬁxed at 10 min. The sample after
contamination by laser Sn ablation shows the Sn-coated rough surface with
micro-size Sn particle. This type of Sn contamination simulates the abnor-
mal DPP operation or laser assisted DPP (LADPP) environment currently
investigated in industry.
The comparison of the SEM pictures shows that ICP cleaning is supe-
rior to remote plasma cleaning for Sn particle contamination. After remote
plasma cleaning, the surface still looks rough and large particles are seen as
shown in Fig. 9.12 (b). After ICP RIE cleaning, on the other hand, the
surface looks much cleaner and smoother as shown in Fig. 9.12 (c). This is
because the ions enhance the surface reaction in ICP cleaning. By increasing
the cleaning pressure for remote plasma cleaning to generate more number of
radicals, we could improve the Sn removal. However, more supply of the cor-
rosive etchant can lead to unwanted chemical damage to other components
in the system and also result in longer time of purging process. Despite little
success in cleaning, remote plasma can remove Sn as our model predicts and
was veriﬁed by removing Sn particles to some extent as in Fig. 9.12 (b).
Thus, the remote plasma cleaning with a well controlled gas handling system
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may be a possible method to remove a thin contamination as long as the
system works in a normal operation conditions. Under abnormal conditions,
the remote plasma cleaning will be insuﬃcient to remove thick Sn quicly such
as when the debris mitigation techniques fail or the Sn supply system mal-
functions and substantial amount of Sn builds up as micro-sized Sn particles.
Our model can provide how much eﬀort is needed by either technique.
9.6.2 Collector contamination fall-oﬀ
It is worthwhile to note the region of the collector entrance will likely suﬀer
from more Sn contamination than other areas since the former is in line-of-
sight of the source. The Sn contamination can be categorized into the two
following processes: the direct contamination from the source and the indi-
rect contamination from the vapors in a molecular ﬂow. The region of the
shell that the ﬁrst EUV light reﬂection occurs at will have the both direct
and indirect contamination, whereas the region of the shell that the second
EUV light reﬂection occurs at will mostly have indirect contamination. The
Wolter type EUV collector popular for DPP EUV systems is designed to re-
ﬂect light twice to collect the lights at the intermediate focus. On the other
hand, the normal incidence mirror will have both contaminations in most of
areas. The direct contamination involves the shadowing eﬀect depending on
the mirror design and the geometry of the system. The contamination proﬁle
in the collector shells that falls oﬀ along the distance from the source can-
not be determined without knowing the details of the geometry. By treating
the z-pinch location as a point source of the contaminants, however, we can
estimate that the Sn contamination will fall oﬀ roughly exponentially from
the entrance of the collector particularly in the direct contamination region.
In the indirect contamination region, we can assume a relatively uniform
contamination. The gas pressure between the shells will directly aﬀect the
amount of the indirect contamination. Thus, the amount of the contamina-
tion will be the function of the Sn impinging rate, sticking coeﬃcient and
desorption rate. In the shells with the smaller gap, the indirect contami-
nation will be less severe having less amount of Sn containing gas. As a
result, the whole contamination proﬁle can be pictured as follows: the more
contamination builds up in the entrance of the collector and the shells with
larger gap width. Fig. 9.13 shows a hypothetical contamination proﬁle in a
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Figure 9.13: Hypothetical contamination proﬁle in a DPP EUV collector.
Wolter type EUV collector in the DPP systems as previously discussed.
9.6.3 How the model would be used to help design a
cleaning system
The model was experimentally veriﬁed in the XTS EUV source system using
a mock-up collector. The actual EUV collector for DPP EUV system is more
complicated in terms of geometry. However, the model will provide a good
ground to investigate the plasma transport in the shells. The model shows
how the gap width and the distance from the plasma source aﬀect the plasma
density in the shells. Assuming the uniform pumping ﬂow and the eﬃcient
chlorine radical delivery, one can predict the cleaning rate proﬁle as shown
in Fig. 9.14. The plasma density at the entrance of the collector shells is
assumed 1010cm−3. With this plasma density, the cleaning rates in the front
region of the shells are between several tens to over a hundred of nm/min,
with the gap widths considered in the prediction. Considering that only a few
nm of Sn needs to be cleaned, the initial density and accordingly the cleaning
rate can be controlled with the plasma power and the RF coil design. The
high selectivity will protect the Ru surface but our model will help adjust
the cleaning rate as much as just needed in diﬀerent circumstances.
It is also shown that the cleaning rate in the real circumstance is aﬀected
by the gap width and the distance from the entrance of the collector as dis-
cussed with the experimental observation in this study. This non-uniform
cleaning rate is probably more favorable as the contamination is not uniform
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Figure 9.14: Cleaning rate proﬁle predicted by our model assuming the uni-
form pumping ﬂow and the eﬃcient chlorine radical delivery. The plasma
density at the entrance of the collector shells is assumed 1010cm−3.
either as discussed in the previous section. Since more Sn debris will be
deposited in the area to the z-pinch location in the line-of-sight, the best
location for the plasma generation is proposed to between the debris miti-
gation tool and the collector. The model predicts more removal in the area
closer to the plasma generation area. By making a collector wider and plac-
ing it apart from the debris mitigation tool, we can create a space for the
plasma generation whereas keeping or even increasing the collecting angle.
The collector needs to be optically redesigned but, in this way, the collector
will have the additional advantage of less thermal loading. In reality, the
HVM EUV collectors with larger shells are being designed and developed by
Media Lario Technologies to collect more EUV light but with less thermal
load by creating more distance from the source [120].
In order to integrate this cleaning technique successfully in the real EUV
source system, the plasma source location and the pumping system need to
be well engineered. In terms of the plasma generation, the RF coil for the
ICP needs to be engineered in such a way to provide a necessary density
proﬁle across the multiple shells. It can be a form of the stove-top ICP coil
to control and supply the plasma in each shell with diﬀerent density at the
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Figure 9.15: A proposed cleaning system based on the development in this
investigation. Mirror drawings and pictures are by courtesy of Media Lario
Technologies.
entrance of each shell. If the RF coil hinders the light path, the plasma source
can be automatically placed only when cleaning is necessary, in particular,
with the freedom of space created by redesigning the collector. If necessary
to improve the Sn removal in the rear end of the collector, an additional ICP
can be generated from the rear. Since the RF coil is immersed in the system,
self-sputtering of the coil by plasma needs to be carefully minimized.
The pumping system including the speed, the location and the ﬂow direc-
tion has a great eﬀect on the chlorine radical distribution, the etch product
ﬂow and, accordingly, the resulting Sn removal. The ideal pump location will
be the side of the rear exit of the collector so that gas can ﬂow through all
the shell gaps. The improved gas ﬂow with the given gas conductance will
eliminate the redeposition issues too. From the debris mitigation perspec-
tive, the pump nearby the pinch is better. In contrast, from the cleaning
perspective, the pump at the rear end of the collector is better.
Fig. 9.15 shows a drawing of a proposed cleaning system integrated into
the DPP EUV source system based on the discussion above. This is one
simple suggestion without concerning all the potential designing issues or
limits of the system and the optical collector. However, when integrating a
plasma-based Sn cleaning method into an actual EUV source for HVM, the
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analytical model developed in this study is expected to help design a cleaning
system by elucidating the important physics of plasma transport and plasma-
material interactions. For the prediction of the cleaning by plasma using our
model, one needs to know the plasma density, the geometry of the collector
(the gap width and the length) and the chlorine radical density. The model
might have some discrepancy due to the temperature eﬀect by EUV collection
and the detailed shape of the collector ignored in our model. However, the
analytical model will provide a great help to estimate where to start in a
simple manner in collectors of any geometry.
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Chapter 10
Conclusion
10.1 Summary
In order to resolve the mirror contamination issue in Sn-fueled EUV source
systems for the next generation lithography technology, a cleaning method
was investigated to remove Sn debris from EUV mirrors based on plasma
etching. To summarize, the etch rate of Sn and Ru with the use of chlorine
plasma was ﬁrst measured in an ICP-RIE system. The optimal conditions
for the selective removal of Sn from Ru were found by controlling the bias
potential. Selective cleaning with minimum damage can be realized by using
the bias high enough to eﬀectively etch Sn through reactive ion etching but
low enough to prevent Ru surface from being signiﬁcantly sputtered. In
addition, the gas mixture ratio and the water vapor eﬀects on etch rate
were studied. A small addition of Ar gas improves the reactive ion etching
but chlorine plasma alone also results in the fast removal of Sn. It is a
worthwhile observation that the high water vapor pressure prevents etching
from occurring.
In conjunction with the etching experiments, a phenomenological etching
model has been developed based on the dominant reactions between Sn and
chlorine plasma. The model predicts the etching results along the varying
bias potential showing good agreement with the experimental values. The
model explicitly shows that the plasma (ion) density and the etchant (chlorine
radicals) density have a direct eﬀect on the resulting etch rate. The bias
potential will aﬀect the etchant adsorption and the etch product desorption
processes to change the rate coeﬃcients as shown in the model.
Using the Ru mirror samples contaminated by an actual Sn EUV source,
the cleaning process by plasma etching was tested with a mock-up collector
in the ICP-RIE system. The surface analysis of the cleaned samples by XPS,
AES, and AFM show promising results: the XPS and AES results show that
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the Sn contamination can be removed in nested mock-up shells; the AFM
result shows that the surface roughness somewhat improves after etching.
Also, the spatial variation of cleaning rate was seen due to the spatially
varying plasma density as expected.
In the DPP EUV source system (XTS 13-35), the cleaning method was
investigated with a mock-up collector of similar size to real EUV collector
mirrors. The gap width between the mirror shells is found to aﬀect the end
results. With a smaller gap width, the plasma transports less ions and radi-
cals into the collector. The gap width also determines the redeposition eﬀect
in conjunction with the pumping speed and the gas conductance. Among
the conditions investigated, Sn samples were etched away at a distance of 22
cm from the collector entrance with a favorable pumping ﬂow.
A theory was developed for the plasma transport through the gap between
the shells. From the balance equations of the species in the electronegative
chlorine plasma, a simple analytical expression for the electron density proﬁle
in the shells was obtained. From the analytical model of the electron density,
the density proﬁles of the negative ion and the positive ion can be estimated.
The resulting positive ion density is used to predict the cleaning rate in
conjunction with the etch rate model developed from reactive ion etching
study. The model was veriﬁed with the measurements of cleaning rates with
diﬀerent gap width and diﬀerent distance from the plasma. The etching by
chlorine radical may be ignored when the plasma density is high , i.e. when
the reactive ion etching is a dominant phenomenon. But when the plasma
density is low, like in the collector shells, the chlorine radical's contribution
to Sn etching becomes notable. Furthermore, pumping was found to have a
signiﬁcant eﬀect on the radical transport and the resulting Sn removal. By
considering the chlorine radical and the pumping eﬀects, the model showed
a reasonably good agreement with the measurements given the uncertainties
in the experimental measurements. Using the model, the success of remote
plasma cleaning, which uses chlorine radical alone, was also discussed in
comparision to the ICP RIE cleaning.
In order to see the eﬀectiveness of the ICP RIE cleaning method, EUV
reﬂectivity was also investigated in our XTS 13-35 EUV source system. The
reﬂected EUV from the mirror sample was measured during a cycle of con-
tamination and cleaning processes. The result showed that the reﬂectivity
changed after cleaning due to the removal of Sn contamination but the re-
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ﬂectivity did not recover to its original value. Moreover, the EUV reﬂectivity
was found to gradually degrade along with a number of cycles. The surface
analysis of the cleaned sample shows almost complete removal of Sn from
the Ru surface. The calculated reﬂectivity loss based on the remaining Sn
exceeds the measured value. To understand this discrepancy, carbon con-
tamination under EUV and energetic ion exposure was investigated and a
simple carbon contamination model was developed and experimentally ver-
iﬁed, which shows that there is a substantial carbon contamination in the
system due to its poor cleanliness.
Despite little success of experimentally showing the full reﬂectivity recov-
ery in our system, all the investigations made in this work will support this
plasma based cleaning as a fast and in situ cleaning method. The analytical
models developed in this work will be used to help implement a plasma-based
cleaning system for the high power EUV source systems.
10.2 Further studies
First of all, this study needs to be veriﬁed in a clean environment like a
production level tool. Without the contamination caused by water vapor
or hydrocarbon molecules, the reﬂectivity will be expected to recover to its
original value.
In this study, the interaction between Sn and Ru was not considered.
However, as the phase diagrams [121, 122] of Sn and Ru system imply, there
will be a compound formation between Sn and Ru when the intermixing
between Sn and Ru occurs. In EUV source environment, the intermixing
can take place through Sn ion implantation or interlayer diﬀusion. It is
questionable that Sn can be removed from Sn-Ru compounds in the same way
as from elemental Sn. It is not known whether the intermixing takes place
under the production conditions. During the production operation, all the
debris mitigation techniques will be engaged so as to minimize the erosion by
the energetic ions. Also, the system vacuum and the mirror temperature will
be well-controlled. However, any interactions between Sn and Ru may explain
the somewhat incomplete removal of Sn debris. Therefore, further study
about Sn-Ru system from the material science perspective will be worthwhile
to pursue.
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The damage to Ru surfaces induced by this method is another worth-
while topic for further study. Given the surface roughness of the sample used
for this study, any signiﬁcant degradation in the surface roughness was not
observed. However, handling the samples under the non-clean environment
results in an uncertainty in the roughness measurement. Besides, considering
the commercial level mirror has a lower surface roughness than the samples
used, the surface roughening may be a potential problem in a real case.
In order to investigate this etching induced surface roughening, the surface
roughness evolution ﬁrst needs to be investigated in situ with a high-quality
EUV mirror samples in a clean environment. The etching induced surface
roughness can be of interest in other ﬁelds such as plasma etching for micro-
electronics or MEMS and other surface processing with plasma. If it turns
out that the etching inherently imparts a signiﬁcant damage to the Ru sur-
face, we may need to adopt a cleaning method without ions despite its slow
cleaning rate. Nevertheless, all the insight of Sn and chlorine plasma interac-
tions obtained in this investigation will serve as the fundamentals for further
studies.
Although only chlorine gas was mainly used for this development, inves-
tigating a diﬀerent gas combination is also desirable to improve cleaning.
Also, one may consider to engage another process to remove the oxygen or
carbon contamination before the Sn cleaning process. In normal conditions,
the system must be kept from those contaminants. However, in the case
of abnormal incidents, those contaminations can happen and disrupt the Sn
cleaning process. Carbon contamination can usually be removed by hydrogen
or ozone plasma. But the eﬀect of the cleaning gas on the mirror surface must
be carefully considered. Multiple steps of plasma cleaning can be thought for
this cleaning method to be more applicable in a real EUV system. A con-
ditioning step will make the environment more favorable for the cleaning by
removing other contaminants prior to the main cleaning step using plasma.
After cleaning, the residue of the etchant or the etching product can also be
removed by the second cleaning step using an inert gas sputtering procedure.
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10.3 Signiﬁcance of this study
The signiﬁcance of this study is the development of a new knowledge of chlo-
rine plasma transport and its reaction with Sn debris in a nested geometry.
A simple analytical model was developed and veriﬁed through experiments
to predict the cleaning rates in the collector shells. Moreover, this study pro-
vides engineering solutions to clean Sn debris from EUV collector mirrors.
The developed analytical model allows one to design a cleaning technique tai-
lored for a collector of speciﬁc geometry whose length and gap width diﬀer
from what we have studied. The analytical model can predict the cleaning
result in a much faster manner compared to any other existing numerical
models. The model needs only plasma density and chlroine radical density
at the entrance of the collector in conjuction with geomety for the predic-
tion. It also elucidates the most important physics of the cleaning process
that leads to the direction for further studies. In addition, it was shown that
chlorine radicals alone could also remove Sn but with a slow rate. The model
successfully was used to predict the slow cleaning rate by chlorine radical
alone. The experimental data from the remote plasma cleaning will be use-
ful to investigate other plasma based cleaning methods. Lastly, the carbon
contamination investigation results will emphasize how the EUV source en-
vironment will be critical for the contamination process. All the results and
discussions in this investigation will help EUVL be a more viable technique
for the next generation lithography technology for HVM.
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